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ABSTRACT 


A  magnetically  saturated  ferrite  subjected  to  a  pulsed  magnetic 
field  forms  a  generator  of  coherent  microwave  energy.  It  is  shown 
that  relatively  high  peak  rf  power  in  short  pulses  can  be  generated 
in  this  way.  A  pulsed  magnetic  field  having  amplitude  ~  4  Kg  and 
rise  time  ~  1  ns  is  developed  by  a  c trip-line  pulser  with  spark-gap 
switches.  This  pulsed  field  causes  nonadiabatic  excitation  of  a 
coherent  oscillation  in  a  YIG  sphere.  The  pulsed  field  also  produces 
adiabatic  pumping  of  the  frequency  and  energy  of  this  oscillation,  so 
that  the  output  frequency  is  not  related  to  the  pulsed-field  rise 
time.  The  entire  process  is  completed  inside  the  build-up  time  of 
second-order  spin  waves,  allowing  precession  angles  in  the  YIG  to 
exceed  the  usual  steady-state  spin-wave  threshold  by  an  order  of  magni¬ 
tude.  A  monolithic  circuit  element  contains  a  pulsed-field  loop  and  an 
x-bund  resonator,  which  are  mutually  uncoupled  but  both  tightly  coupled 
to  the  YIG.  The  resonator  extracts  x-band  energy  from  the  YIG  by  radia¬ 
tion  damping  and  transfers  it  to  an  output  waveguide.  The  resonator  is 
tunable  and  determines  the  output  frequency.  Coherent,  nearly  mono¬ 
chromatic  rf  output  pulses  having  energy  of  several  hundred  watt-ns,  and 
pulse  widths  in  the  range  of  1  -  3  ns,  have  been  observed  using  YIG  diam¬ 
eters  in  the  vicinity  of  50  mils.  These  results  are  in  good  agreement 
with  theoretical  predictions. 
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I.  INTRODUCTION 


This  project  has  been  concerned  with  development  of  a  coherent 
microwave  oscillator  using  a  small  sample  of  yttrium  iron  garnet  (YIG) 
subjected  to  a  pulsed  magnetic  field.  The  first  proposal  for  devices 
of  this  kind  appears  to  have  been  made  by  R.  V.  Pound  in  1959. ^  In 
the  years  following  that  time,  however,  it  developed  that  several 
advancements  in  ferrite  theory  and  technology  were  to  be  required  before 
progress  could  be  made  with  this  kind  of  device.  At  the  time,  ferrite 
line  widths  were  too  large  to  allow  the  use  of  magnetic  field  pulses 
with  reasonable  rise  times.  Also,  it  turned  out  that  refinements  and 
advancements  in  spin  wave  theory  were  required,  so  that  the  limitations 
imposed  on  the  operation  of  these  devices  by  the  build-up  of  spin  waves 
could  be  understood  and  properly  taken  into  account  in  the  design. 

Also,  at  that  time,  no  work  had  been  reported  on  pulser  circuits  de¬ 
signed  to  produce  the  large  field  magnitudes  required  for  microwave 
frequency  generation  together  with  the  short  rise  times  required  for 
satisfactory  operation  of  the  device. 

2  ^  k 

In  the  meantime  some  closely  related  devices  were  studied. 

These  devices  accomplished  pulsed  frequency  translation  in  ferrites. 

They  used  a  pulsed  magnetic  field  to  translate  upward  the  frequency  and 
energy  of  an  oscillation  which  was  established  in  the  ferrite  sample 
before  the  application  of  the  field  pulse.  An  rf  input  signal,  which 
was  essentially  a  cw  signal,  was  applied  to  the  ferrite  to  establish 
this  initial  uniform  precession.  These  devices  were  found  to  perform 
largely  as  predicted.  They  were  limited  to  low  power  levels  by  the 
second-order  spin-wave  instability. 

In  contradistinction  to  these  earlier  devices,  the  present  device 
uses  the  pulsed  magnetic  field  to  start  the  initial  precession  in  addi¬ 
tion  to  translating  the  frequency  and  energy.  When  this  is  done  it  is 
possible  to  avoid  the  serious  limiting  of  the  power  output  resulting 
from  spin  waves.  It  is  now  well-known  that  first-order  and  se coni -order 
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spin  wave  instabilities  restrict  the  rf  energy  associated  with  the 
precession  in  devices  using  low-loss  ferrites.  With  the  exception  of 
limiters,  which  use  these  processes  to  advantage,  these  devices  are 
degraded  in  performance  by  the  spin  waves.  The  present  device  avoids 
this  limitation  by  operating  on  a  short-pulse  basis.  1  is  found  that 
the  excitation  and  translation  processes  referred  to  above  can  be  car¬ 
ried  out  on  a  time  scale  which  avoids  serious  degradation  of  performance 
due  to  spin  waves. 

In  previous  reports,  the  former  type  of  device  has  been  referred  to 
as  the  Type  I  generator,  while  the  device  of  concern  here  has  been  refer¬ 
red  to  as  Type  II. 

The  present  device  makes  use  of  the  fact  that  a  small  ferrite 
sample  of  single  crystal  YIG  constitutes  a  high-Q  microwave  resonator 
whose  frequency  can  be  tuned  throughout  the  entire  microwave  range  by 
simply  varying  the  magnitude  of  an  applied  dc  magnetic  field.  Figure 
1(a)  is  the  usual  illustration  of  the  \  niform  precession  mode  in  a 
spherical  sample,  which  is  the  mode  that  is  of  concern  in  the  present 
work.  In  this  case,  th*  precessional  motion  is  circular  with  amplitude 
0  .  The  frequency  tuning  of  the  oscillation  is  linear  in  the  amplitude 
of  the  applied  magnetic  field  K  .  Figure  1(b)  consists  of  a  simple 
RLC  circuit  representing  a  general  singly-resonant  system,  which  includes 
the  case  of  the  ferrite  resonator.  It  is  well  known  that  if  an  initial 
free  oscillation  is  present  on  such  a  circuit,  and  if  we  tune  the 
resonant  frequency  of  this  circuit  upward  as  a  function  of  time,  both 
the  frequency  and  energy  of  the  initial  oscillation  will  increase.  This 
increase  in  energy  of  the  oscillation  will  be  proportional  to  the  increase 
in  frequency.  This  will  be  ture  if  proper  conditions  on  the  rate  of  in¬ 
crease  of  the  frequency  tuning  are  met. 

The  device  to  be  described  utilizes  this  principle  and  makes  use  of 
the  fact  that  a  pulsed  magnetic  field  whose  magnitude  increases  with  time 
can  be  used  to  accomplish  the  tuning  function.  Furthermore,  it  is  found 
that  if  this  pulsed  magnetic  field  is  properly  applied,  it  can  start  the 
initial  oscillation  on  the  circuit  as  well  as  translating  its  frequency 
and  energy  in  the  manner  referred  to  above. 
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Figure  2  shows  a  block  diagram  of  the  principal  components  of  the 
Type  II  generator.  A  permanent  magnet  supplies  a  small  dc  magnetic 
field  which  saturates  the  YIG  sphere.  A  pulsed  current  generator  feeds 
current  to  a  coil  which  generates  the  pulsed,  magnetic  field  that  performs 
the  functions  described  above.  In  the  presence  of  this  pulsed  field,  the 
total  field  applied  to  the  ferrite  will  be  a  rising  function  of  time,  of 
the  nature  of  the  curve  shown  at  the  bottom  of  Fig.  2.  Since,  for  a  YIG 
sphere,  the  frequency  is  proportional  to  the  net  applied  field,  the  ordi¬ 
nate  for  this  curve  can  be  labeled  in  terms  of  frequency,  which  refers  to 
the  instantaneous  frequency  of  the  oscillation  in  the  sphere.  Also  coupled 
to  the  YIG  sphere,  in  addition  to  the  permanent  magnet  and  the  pulsed 
field  coil,  is  an  electromagnetic  circuit  resonator.  In  the  present  in¬ 
stance,  this  circuit  is  resonant  in  the  x-band  frequency  range.  For  any 
given  adjustment  of  this  circuit,  its  resonant  frequency  is  a  constant  as 
indicated  by  the  horizontal  dashed  line  in  Fig.  2.  As  the  resonance  of 
the  ferrite  oscillation  cuts  through  the  resonance  line  of  the  circuit, 
some  of  the  energy  associated  with  the  oscillation  in  the  ferrite  will  be 
transferred  to  the  circuit.  The  circuit  will  then  ring  coherently  at  its 
resonant  frequency.  The  circuit  is  coupled  to  an  output  waveguide  and 
radiates  an  output  signal  into  this  waveguide. 

We  have  stated  that  in  the  present  device  the  pulsed  magnetic  field 
performs  two  separate  functions,  namely  initiation  and  translation  of  the 
oscillation.  It  is  not  surprising  to  find,  in  a  device  which  uses  a  pulsed 
field  to  excite  coherent  oscillation,  that  there  is  a  requirement  on  the 
rate  of  rise  of  the  field  pulse.  In  a  rough  way,  the  field  is  required  to 
reach  a  certain  magnitude  in  a  time  which  is  short  compared  to  the  period 
of  the  rf  oscillation  which  is  to  be  excited.  These  requirements  are 
defined  more  precisely  in  the  body  of  the  present  report.  However,  it  may 
be  useful  at  this  point  to  describe  qualitatively  their  place  in  the  design 
and  operation  of  the  present  device.  In  the  initial  excitation  process  the 
scale  of  magnetic  field  values  is  set  by  the  magnitude  of  the  applied  dc 
magnetic  field,  and  the  field  level  which  must  be  reached  in  the  prescribed 
time  is  of  the  order  of  magnitude  of  this  dc  field.  The  time  scale  in  this 
initial  excitation  process  is  also  controlled  by  the  dc  field  magnitude 
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because  the  oscillation  period  just  mentioned  refers  to  the  period  of 
the  resonant  frequency  of  the  ferrite  in  the  dc  magnetic  field  alone 
which,,  as  we  have  seen,  is  directly  proportional  to  the  magnitude  of 
the  dc  field.  Thus,  the  requirement  for  efficient  excitation  of  the 
initial  oscillation  is  a  requirement  on  the  time-rate-of-rise  of  the 
first  small  portion  of  the  pulsed  magnetic  field  curve.  Furthermore, 
this  initial  time-rate-of-rise  is  set  entirely  by  the  initial  oscil¬ 
lation  frequency  and  is  totally  unrelated  to  the  frequency  of  the  out¬ 
put  energy  delivered  by  the  device.  Once  the  nonadiabatic  requirement 
on  the  initial  portion  of  the  pulsed  field  rise  has  been  met,  the  pulsed 
field  can  continue  to  rise  beyond  that  point  in  an  adiabatic  fashion, 
and  in  a  time  covering  many  rf  oscillation  periods,  in  reaching  a  final 
value.  During  this  larger,  second  regime  of  the  pulsed  field  rise  the 
frequency  and  energy  of  the  oscillation  are  translated  upward  by  a  sub¬ 
stantial  amount.  Thus,  the  pulsed  field  rise  is  adiabatic  with  respect 
to  the  output  frequency  and  is  not  related  in  any  direct  way  to  the  out¬ 
put  frequency.  In  the  present  designs,  the  magnitude  of  the  dc  field 
is  set  at  the  lowest  value  which  is  consistent  with  saturation  of  the 
YIG  sphere.  As  we  have  just  seen  this  lowers  the  rise  rate  require¬ 
ment  of  the  initial  first  portion  of  the  field  pulse  by  simultaneously 
decreasing  the  field  level  associated  with  the  initial  portion  of  the 
pulse  and  also  increasing  the  time  allowed  to  reach  that  level. 

The  second,  or  adiabatic  portion  of  the  field  rise-  which  in 
practice  is  actually  much  the  larger  portion,  is  limited  in  total  time, 
in  principle,  by  two  requirements,  but  in  practice  by  only  one.  The 
first  requirement  is  that  this  field  reach  its  final  magnitude  in  a  time 
which  is  short  compared  to  the  relaxation  time  of  the  uniform  precession 
mode  in  the  ferrite  sample.  In  the  case  of  single  crystal  YIG  materials, 
this  relaxation  time  is  sufficiently  long  as  to  constitute  essentially 
no  problem.  The  second  requirement  is  that  the  field  reach  its  final 
value  before  second -order  spin  wave  punping  can  decrease  the  amplitude 
of  the  rf  precession  which  has  been  established.  In  principle,  during 
this  translational  portion  of  the  field  rise,  the  amplitude  of  the  rf 
precession  is  constant,  in  the  absence  cf  parametric  spin  waves,  but 


decreases  very  rapidly  with  time  after  spin  wave  build-up  gets  underway. 
This  turns  out  to  be  the  controlling  factor  in  setting  the  rise  time 
condition  during  the  second  portion  of  the  pulsed  field  profile.  As 
will  be  seen,  it  is  found  that  there  is  sufficient  time  under  ■‘•'lis 
consideration  for  the  total  pulsed  magnetic  field  rise  to  be  completely 
nonadiabatic  with  respect  to  the  output  frequency  in  a  practical  case. 

Successful  operation  of  this  type  of  device  has  been  demonstrated 
5  6 

previously.  *  However,  as  a  result  of  the  investigations  carried  out 
under  the  present  Contract  DA  26-043-AMC-00397(E),  the  rf  output  power 
of  devices  of  this  kind  has  been  increased  by  several  orders  of  magni¬ 
tude  over  any  previously  reported  results. 

■The  principal  areas  of  investigation  have  been  concerned  with  the 
theory  of  the  build-up  of  the  -uniform  precession  mode  in  ferrites 
subjected  to  pulsed  magnetic  fields,  theory  of  spin  wave  build-up  under 
these  same  conditions,  theory  of  transfer  of  energy  from  a  pulsed  fer¬ 
rite  to  a  microwave  circuit,  development  of  pulsed  circuitry  for  the 
production  of  multi -kilogauss,  nanosecond-rise  field  pulses,  develop¬ 
ment  of  compatible  dc  pulse  and  rf  pulse  circuits  for  coupling  directly 
to  a  ferrite  sample,  development  of  measurement  techniques  for  the  fast 
dc  and  rf  pulses  produced  by  the  above  apparatus,  and  design  and  testing 
of  experimental  models  of  Type  II  x-band  generators.  This  report 
contains  references  to,  and  descriptions  of,  work  carried  cut  along 
these  lines,  leading  to  the  successful  demonstration  of  high  peak  power 
in  a  device  of  this  kind. 

The  work  leading  to  the  demonstration  of  high  peak  power  from 
Type  II  ferrite  generators  and  the  results  obtained  on  the  experimental 
Model  JI-B  are  summarised  in  a  recent  publication  under  the  present 
contract.1  In  the  present  report  we  include  the  material  contained  in 
that  publication,  together  with  seme  additional  material.  This  addi¬ 
tional  material  includes:  (l)  further  discussion  and  data  on  some  of  the 
subjects  referred  to  in  the  paper  and  (2)  a  summary  of  some  further 
investigations  which  were  undertaken  under  the  present  contract  subse¬ 
quent  to  the  work  referred  to  in  the  paper.  A  few  key  items  from  earlier 
status  reports  under  the  contract;  are  also  included  in  the  present  report. 
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Further  details  on  activities  during  the  year  may  be  obtained  by  ref- 

c 

erence  to  those  reports. 

This  present  report  is  concerned  only  with  the  latest  experimental 

model  of  the  ferrite  generator,  which  has  been  designated  Model  II-B. 

Work  was  done  earlier  in  the  contract  year  under  the  subject  contract, 

on  a  Model  II-A  generator.  This  device  was  limited  to  very  low  power 

compared  to  the  Model  II-B  device,  but  the  results  and  experience 

gained  with  the  former  device  led  to  some  of  the  modifications  resulting 

in  high  peak  power  output  from  the  Model  II-B  generator.  For  a  summary 

of  results  obtained  with  the  II-A  apparatus  the  reader  is  referred  to  the 

8 

Quarterly  Status  Reports. 
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II.  THEORY  OF  OPERATION 


A.  Establishment  of  Uniform  Precession 


The  establishment  of  a  coherent  uniform  precession  oscillation  is 
accomplished  by  applying  to  the  ferrite  both  a  dc  magnetic  field  HQ 
and  a  pulsed  magnetic  field  ,  as  indicated  in  Fig.  3>  whose 

directions  differ  by  an  angle  which,  in  the  figure,  is  shown  as 
90°.  The  purpose  of  HQ  is  to  saturate  the  ferrite  and  to  establish 
the  initial  direction  of  the  magnetization  M  .  As  the  magnitude  of 
Hp  increases  with  time,  the  total  field  rotates  away  from  its 
initial  direction  along  HQ  ,  establishing  a  growing  geometrical  angle 
¥  between  H^,  and  HQ  .  As  a  result  of  this  angle,  M  tends  to 
precess  about  the  axis  of  ,  along  some  path  which  is  indicated 

symbolically  by  the  dashed  line  in  the  figure,  such  that  the  angle  0 
between  HT  and  M  tends  to  be  less  than  ¥  ,  but  increases  mono- 
tonically  as  the  rate  of  rise  of  is  increased.  Taking  the  magni¬ 
tude  of  Hp  to  be  a  linear  function  of  time,  then  to  obtain  relatively 
large  values  of  ¥  ,  it  is  necessary  that  dH ^/dt  be  sufficient  for 

H,j,  to  become  of  the  order  of  in  a  time  of  the  order  of  one  radian 
at  the  initial  precession  frequency  7HQ  .  Also,  0  attains  essen¬ 
tially  its  full  growth  0^  (defined  as  0  at  t  =  »  )  during  this 

time  interval,  remaining  relatively  constant  as  continues  to  grow 

and  ¥  approaches  . 

Values  of  0 ^  for  arbitrary  values  of  Hq  ,  ^  and  dH ^/dt  have 

been  calculated  using  the  digital  computer.  This  work  was  initially 

carried  out  under  contract  DA  36(039 )AMC-000ll(E),  the  predecessor  to 

the  present  contract,  and  was  issued  as  a  technical  report  Tinder  that 

contract.  During  the  period  of  the  present  contract  this  report  was 

g 

revised  for  publication.  Because  of  its  basic  importance  in  the  design 
of  the  Type  II  ferrite  generator,  this  revised  version  of  the  report  is 
included  herewith  as  Appendix  A. 
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A  very  useful  way  of  representing  some  of  the  results  of  these 
calculations  on  uniform  precession  amplitude  is  indicated  in  Fig.  4. 

This  figure  shows  the  theoretical  value  of  the  final  precession  angle 
as  a  function  of  a  parameter  R  ,  using  data  taken  from  the  results 
shown  in  Appendix  A.  In  Fig.  4,  the  parameter  R  measures  the  field 
strength  reached  by  the  pulsed  field  in  a  time  corresponding  to  one 
radian  of  precession  of  the  magnetization  at  the  initial  precession 
frequency.  For  this  purpose,  field  strength  is  measured  in  units  of 
the  applied  dc  field  HQ  .  This  coordinate  normalization  is  very 
convenient  for  application  t r  the  Type  II  generator.  In  Pig.  4  the 
final  precession  angle  is  shown  for  two  particular  values  of  pulsing 
angle  ,  namely  90  and  20  .  In  the  experiments  described  below, 

90°  pulsing  was  employed.  In  Fig.  4  the  curve  for  20°  pulsing  is 
included  for  reference,  and  curves  corresponding  to  other  pulsing 
angles  are  readily  obtained  from  the  data  in  Appendix  A. 

In  the  calculations  referred  to,  internal  damping  of  the  uniform 
precession  mode  due  to  relaxation  mechanisms  in  the  ferrite  are  neg¬ 
lected,  it  being  assumed  that  the  time  intervals  involved  in  the  experi¬ 
ment  are  shorter  than  the  relaxation  times  for  the  material.  In  samples 
of  single  crystal  YIG  this  condition  is  well  satisfied  in  practice,  for 
experiments  cf  the  type  to  be  described  below.  The  assumption  that 
Hp  is  a  linear  function  of  time  is  also  well  satisfied  in  practice, 
with  the  exception  of  a  quadratic  component  in  near  the  origin, 
the  effect  of  which  has  also  been  evaluated  using  the  computer. 

The  function  of  the  pulsed  magnetic  field  may  be  divided  into  two 
parts,  the  first  being  an  excitation  function  resulting  in  establish¬ 
ment  of  a  uniform  precession  oscillation  of  relatively  high  amplitude, 
and  the  second  being  a  pumpiug  function  through  which  both  the  frequency 
and  energy  of  this  precession  are  increased  as  a  function  of  time. 

After  the  full  growth  of  the  uniform  precession  angle  has  been 
reached,  the  field  can,  in  principle,  be  increased  indefinitely 
without  appreciable  change  occurring  in  the  angle  0£  .  This  portion 
of  the  pulsed  field  rise  accomplishes  the  pumping  function  by  means  of 
which  the  frequency  and  energy  associated  with  the  uniform  mode  sure 
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90*  PULSING 


FIG.  4 — Final  precession  angle  as  a  function  of  pulsing  rat 


increased.  As  increases  in  this  range,  H^,  approaches  in 

magnitude,  and  the  frequency  and  energy  of  the  uniform  mode  "become 
asymptotically  proportional  to  the  magnitude  of  . 

Figure  5  is  an  example  taken  from  the  computer  results,  using 
parameters  (dH ^/dt  =  3  kOe/nsec,  ^  =  90°,  HQ  =  0.7  kOe)  which  are 
sufficiently  close  to  those  used  in  the  experiments  described  below 
that  the  curves  give  a  good  picture  of  the  transient  properties  of  the 
modes.  The  horizontal  time  scale  applies  accurately  to  the  experiments. 
The  curve  labeled  1  illustrates  the  nature  of  the  unifbrm-precession 
build-up.  The  peak  value  cf  0  is  reached  at  a  time  corresponding  to 
2.5  rad.  calculated  at  the  initial  precession  frequency  of  the  uniform 
mode,  namely  -  i.96  Gc/sec.  Thus  the  interval  out  to  this 

point  represents  the  region  in  which  the  essential  function  of  the 
pulsed  field  is  to  establish  the  magnitude  of  the  uniform  precession, 
while  the  time  interval  beyond  this  point  represents  the  pumping  region 
in  which  the  purpose  of  the  pulsed  field  is  to  raise  the  energy  and 
frequency  of  the  precession  at  essentially  constant  precession  angle. 
The  curve  labeled  1  represents  the  calculated  energy  of  the  uniform 
mode  which  is  associated  with  the  precession  angle  0  .  Note  that 

this  energy  is  normalized  to.  the  energy  MVH^  ,  where  M  is  the  satu¬ 
ration  magnetization  of  the  ferrite  and  V  is  its  volume.  Since 

is  asymptotic  to  H  ,  and  H  is  assumed  to  be  a  linear  function  of 
P  P 

time,  the  horizontal  portion  of  the  curve  Ey^  at  large  time  actually 
represents  energy  increasing  linearly  with  time. 

The  overshoot  in  Fig.  5,  in  which  the  uniform  mode  acquires  an 
early  anplitude  which  is  noticeably  larger  than  the  asymptotic  ampli¬ 
tude,  is  of  interest.  Although  the  experimental  generators  to  be 
described  below  utilize  the  asymptotic  value,  the  peak  value  which  is 
reached  earlier  may  be  of  some  possible  use.  Under  some  parameter 
ranges  the  degree  cf  overshoot  can  exceed  that  shown  in  Fig.  5« 

Figure  6  shows  calculated  values  of  the  ratio  of  peak  precession  ampli¬ 
tude  at  the  top  cf  the  overshoot  to  its  asymptotic  value,  for  various 
parameter  adjustments.  Figure  7  shows  the  normalized  time  at  which 
the  peak  precession  amplitude  occurs. 


! 
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FIG.  6- -Ratio  of  final  precession  angle,  0^  ,  to  maximum  precession 
angle  0  vs  pulsing  angle,  SL  . 


maxirvoi  precision  angle,  T  ,  as  a  function  of  pulsing 


B.  Spin  Wave  Growth 


A  limitation  on  the  operation  of  devices  of  the  present  kind  results 
from  the  intrinsic  parametric  pumping  of  spin  waves ,  by  which  energy  is 
drawn  from-  the  uniform  mode  into  spin  waves  where  it  is  no  longer  avail¬ 
able  for  useful  extraction  by  radiation  damping.  In  steady -state  prob¬ 
lems,  spin  wave  phenomena  of  this  kind  have  been  widely  studied  and  are 
well  known.  ”  A  study  of  the  mechanisms  of  spin  wave  growth  under 

the  present  transient  circumstances  has  been  made  using  the  digital 

13 

computer.  This  has  been  reported  in  a  recent  publication,  which 
constituted  part  of  the  work  under  the  present  contract,  and  which  gives 
theoretical  information  on  the  detailed  effect  of  spin  waves  on  the 
operation  of  the  Type  II  generator.  The  material  contained  in  this  paper 
is  included  in  Appendix  B  below,  for  reference  in  the  design  of  Type  II 
ferrite  generators.  In  this  investigation,  the  equations  of  motion  for 
spin  wave  modes  in  a  ferrite  subjected  to  linearly  rising  pulses  of 
magnetic  field,  for  all  regions  of  k-space  which  undergo  pumping,  are 
integrated  numerically,  assuming  initial  spin  wave  excitation  at  the 
level  correspondirg  to  thermal  equilibrium.  Again,  no  restrictions  are 
imposed  on  the  values  of  HQ  ,  ,  or  dH^/dt  ,  and  again  the  equa¬ 

tions  for  the  uniform  mode  are  used  in  completely  general  form  to  allow 
for  arbitrary  amplitude  of  the  mode.  In  the  spin  wave  equations,  terms 
to  first  order  in  the  spin  wave  amplitudes  are  retained,  and  all  spin 
wave  back-reaction  terms  are  included  in  the  uniform  mode  equations. 

A  numerical  integration  over  k-space  determines  the  aggregate  of  spin 
wave  growth  as  a  function  of  time,  and  the  energy  in  the  uniform  mode 
as  a  function  of  time  in  the  presence  of  the  amplified  spin  wave. 

Figure  8  is  a  typical  example  which  shows;  pictorlally  the  growth, 
as  a  function  of  time,  of  both  the  uniform  mode  and  spin  waves  in  the 
ferrite  when  subjected  to  a  pulsed  magnetic  field  of  the  type  being 
considered  here.  Figure  8  is  a  view  looking  down  along  the  axis  of  the 
net  instantaneous  field.  The  tip  of  the  vector  representing  the  instan¬ 
taneous  field  is  considered  to  be  located  at  the  center  of  coordinates 
in  the  figure,  and  the  plane  of  the  paper  is  taken  to  be  normal  to  the 
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net  field  vector.  Thu= ,  as  the  direction  of  the  net  field  vector 
rotates  in  time,  the  observer  is  assumed  to  move  correspondingly.  The 
curves  m  Fig.  8  represent  loci  of  the  magnetisation  vector  as  a  function 
of  time.  For  example,  if  the  circular  uniform  precession  of  Fig.  l<'a) 
were  represented  in  this  kind  of  a  diagram,  the  locus  would  consist  of  a 
circle  with  its  center  at  the  center  of  the  coordinates  in  the  figure. 

The  diagram  of  the  uniform  mode  in  Fig.  8  shews  the  build-up  of  the 
uniform  precession  a?  a  function  of  time,  illustrating  the  rotation  of 
the  magnetization  vector  about  the  axis  of  the  instantaneous  magnetic 
field.  Kots  tfe&t  the  precession  amplitude  reaches  essentially  its  full 
value  before  the  magnetization  has  precessed  cne-fcurth  revolution.  The 
numbered  points  on  the  uniform  mode  diagram  are  simply  specific  points 
which  are  used  to  correlate  with  corresponding  points  in  time  on  the 
spin  wave  diagram.  Considering  the  points  on  the  uniform-mode  locus 
labeled  22  -  29.  each  of  these  points  in  turn  represents  a  point  on  a 
successive  precession  cycle.  For  example,  the  magnetization  vector  makes 
one  complete  revolution  in  traveling  from  point  22  to  point  23,  in  a 
precession  which  is  essentially  circular  and  of  constant  amplitude,  and 
the  same  holds  for  the  other  consecutive  pairs  cf  points. 

The  dashed  diagram  in  Fig.  8  represents  the  corresponding  build-up 
of  spin  waves  which  are  pumped  by  the  uni  form  precession  code.  Actually 
the  center  of  coordinates  for  both  the  solid  and  dashed  diagrams  should 
be  coincident  because  both  of  these  diagrams  represent  precessions 
centered  on  the  same  instantaneous  field  vector.  However,  for  clarity, 
these  two  coordinate  systems  are  displaced  in  the  figure.  The  numbered 
points  on  the  spin  wave  diagram  correspond  in  time  to  the  points  tearing 
the  same  numbers  on  the  uniform  mo- .a  diagram.  We  see  that  the  spin  wave 
precession  has  negligible  amplitudes  for  the  first  several  cycles  and, 
then  begins  to  spiral  upward  rapidly.  We  also  note  that  the  spin  wave 
magnetization  pulls  into  a  steady  time  phase  which  is  something  less 
than  -5°  ahead  cf  the  uniform  precession  phase  as  time  goes  on. 

For  a  more  detailed  picture  of  the  spin  wave  build-up  process  and 
its  effect  on  the  uniform  mode  we  return  to  Fig.  5  which,  as  stated 
above,  is  calculated  for  parameters  which  are  sufficiently  close  to 
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those  used  in  experiments  cn  the  Type  II  generator  to  give  a  very  useful 
picture  of  ..he  build-up  process,  as  a  function  of  time,  as  it  occurs  in 
the  actual  experiments.  Note  that  the  back-reaction  effect  of  spin 
waves  on  the  uniform  mode,  which  is  included  in  the  graph  of  Fig.  5>  was 
not  taken  into  account  in  calculating  the  diagram  of  Fig.  8.  In  Fig.  5 
curve  5  indicates  the  growth  of  total  spin  wave  energy  as  a  function  of 
time.  The  effect  of  this  spin  wave  growth  on  the  precession  angle  9 
of  the  uniform  mode  is  indicated  by  curve  4,  and  similarly  the  decrease 
in  uniform  mode  energy  is  shown  by  curve  2,  representing  energy  associ¬ 
ated  with  the  uniform  mode.  We  see  that  these  theoretical  curves  pre¬ 
dict  that  in  a  time  of  approximately  2  nsec  the  energy  associated  with 
the  uniform  mode  has  been  degraded  by  approximately  10$,  by  the  presence 
of  spin  waves,  from  the  value  which  it  would  have  without  spin  waves. 

The  uniform  mode  energy  decreases  rapidly  beyond  this  point.  On  this 
basis,  one  should  design  the  experiment  such  that  the  energy  removal  by 
radiation  damping  of  the  uniform  mode  occurs  before  the  elapsed  time 
exceeds  2  nsec. 

For  any  given  set  of  parameters,  the  "theoretical  effect  cf  spin 
waves  on  the  amplitude  of  the  uniform  precession  mode  may  be  determined 
from  the  material  in  Appendix  B.  Recall  that  in  the  absence  of  spin 
waves,  the  uniform  precession  mode  reaches  an  asymptotic  value.  It 
then  remains  at  this  asymptotic  value  until  the  usual,  linear  relaxation 
processes  cause  it  to  decrease.  As  has  been  stated  above,  the  linewidth 
of  low  loss  YIG  materials  is  such  that  the  linear  relaxation  methods  do 
not  come  into  play  daring  the  time  interval  involved  in  the  generation 
and  radiation  of  an  rf  pulse  in  the  present  type  of  device.  In  one 
formulation  of  the  problem  of  the  effect  of  spin  waves  on  the  uniform 
mode,  then,  we  calculate  the  time  involved,  from  the  beginning  of  the 
magnetic  field  pulse,  until  nonlinear  spin  wave  growth  has  proceeded  tc 
the  extent  that  the  energy  in  the  uniform  mode  has  been  reduced  to  10$ 
below  the  value  corresponding  to  the  asymptotic  amplitude  of  the  uni¬ 
form  mode  in  the  absence  of  spin  waves.  It  is  found  that  a  universal 
curve  for  this  time  interval  can  be  plotted  which  holds  for  an  arbitrary 
combination  of  pulsing  parameters.  This  curve  is  given  in  Fig.  k  of 
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Appendix  B.  The  vertical  scale  is  in  terms  of  the  asymptotic  value  of 
the  uniform  precession  mode,  irrespective  of  the  combination  of  pulsing 
angle  and  initial  pulsed-field  slope  which  is  used  to  achieve  this 
asymptotic  precession  angle.  The  horizontal  scale  is  the  normalized 
time  at  which  the  uniform  mode  has  been  degraded  10$  in  energy  by  the 
spin-wave  build-up.  The  values  on  this  horizontal  scale  represent 
time  in  radians  as  measured  at  the  initial  precession  frequency.  As 
has  already  been  seen,  the  initial  precession  frequency  is  determined 
entirely  by  the  magnitude  cf  the  applied  dc  magnetic  bias  field.  In 
Fig-  9  below  this  same  curve  is  shown  replotted  using  a  horizontal  time 
scale  in  terms  of  actual  time  in  nanoseconds  for  the  particular  case 
in  which  the  dc  bias  field  is  700  Oe,  which  is  the  value  used  in  most 
of  the  experiments  described  below.  We  see  that  a  total  time  of  the 
order  of  1.5  nanoseconds  is  theoretically  available  in  which  to  carry 
out  the  experiment  of  generation,  translation  and  radiation  of  an  rf 
pulse,  if  noticeable  degradation  of  energy  due  to  spin  wave  effects 
is  to  be  avoided.  Note  that  radiation  damping  of  the  rf  output  coupling 
in  the  crossover  range  is  not  included  in  the  calculation,  so  that  the 
prediction  of  Fig.  9  is  actually  pessimistic.  It  is  clear,  however,  on 
the  basis  of  these  calculations,  that  one  should  attempt  to  reach  the 
crossover  region  in  a  time  of  the  order  of  one  nanosecond,  and  this  is 
the  essential  consideration  which  controls  the  total  build-up  time  of 
the  pulsed  magnetic  field.  In  summary,  then,  the  requirements  on  non- 
adiabatic  excitation  of  the  initial  uniform  precession  oscillation,  as 
described  in  an  earlier  section,  determine  the  requirement  of  the  initial 
time-rate-of-rise  of  the  pulsed  magnetic  field,  while  the  present  re¬ 
quirement  defines  the  total  rise  time  of  the  field  up  to  the  crossover 
region.  It  will  be  seen  later  that  the  actual  pulsed  magnetic  field 
waveform  developed  in  connection  with  the  present  project  was  designed 
to  take  these  two  requirements  into  account.  It  will  also  be  seen  that 
the  total  rise-time  requirement  has  been  better  met  than  the  initial 
rate-of-rise  requirement,  and  that  it  can  be  anticipated  that  progress  in 
the  latter  area  would  directly  increase  the  peak  power  output  of  the 
device. 
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C.  Coupled  Circuit  Behavior 


Radiation  damping  for  extraction  of  energy  from  the  ferrite  at  the 
desired  frequency  is  provided  by  a  coupled  circuit  resonator  which  is 
described  below.  This  resonator,  and  the  uniform  mode  resonance  in  the 
YIG  sample,  constitute  a  coupled  circuit  system.  As  the  oscillation 
frequency  of  the  uniform  mode  is  swept  through  the  resonant  frequency 
of  the  circuit  mode,  a  transfer  of  energy  to  the  circuit  takes  place. 

We  use  the  equivalent  circuit  of  Fig.  10  to  simulate  the  behavior 
of  this  coupled  system,  in  which  we  identify  the  ferrite  with  circuit 
1  and  the  circuit  resonator  with  circuit  2.  The  system  consisting  of  , 

these  two  coupled  circuits  contains  two  normal  modes,  which  we  will 
refer  to  as  Modes  A  and  B,  as  illustrated  in  Fig.  11.  In  the  present 
problem,  at  the  start  of  the  pulse  the  resonant  frequency  of  cir¬ 
cuit  1  is  much  less  than  the  resonant  frequency  of  circuit  2,  and 
the  energy  of  the  system  is  almost  completely  stored  in  Mode  A.  As  oj^ 

is  swept  upward  in  time,  through  the  region  of  cross-over  with  the  ; 

\ 

frequency  ,  the  energy  transferred  to  circuit  2  depends  on  the  sweep  | 

rate  as  well  as  on  the  circuit  parameters.  If  the  sweeping  is  suffi-  ? 

ciently  slow,  the  fields  in  the  resonators  readjust  themselves  as 
functions  of  time  to  essentially  preserve  Mode  A,  and  the  energy,  which 
was  originally  stored  in  circuit  1,  is  nearly  all  transferred  to  circuit 
2,  as  desired-  In  the  other  extreme,  if  the  sweep  rate  is  sufficiently 
high,  a  great  dear  of  mode  conversion  takes  place  during  cross-over,  and 
the  energy  remains  mostly  in  circuit  1,  ending  up  in  Mode  B. 

In  the  present  experiments,  an  intermediate  sweep  rate  is  used,  and 
computer  calculations  were  carried  out  to  determine  the  theoretical 
efficiency  of  transfer  of  energy  from  circuit  1  to  circuit  2  during  cross¬ 
over  (see  Appendix  C).  In  this  process  the  frequency  is  held  fixed, 
and  is  assumed  to  vary  with  time  as 


—  =  A  +  Bt 
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FIG.  11  — Illustration  of  couplea  circuit  modes. 


where  t  =  cu-,t  .  Figure  12  is  a  computer  plot  which  illustrates  typical 
behavior  of  the  energies  in  circuits  1  and  2  as  a  function  of  time.  The 
parameter  values  chosen  for  this  figure  are  consistent  with  those  used 
in  experiments  described  later.  The  values  are  A  =  0.1,  B  =  l/20n  , 

K  =  0.004,  =  1,000,  and  =  50  .  With  the  values  of  A  and  B 

shown,  cross-over  is  reached  at  a  time  corresponding  to  nine  periods  at 
frequency  ov,  .  Cross-over  occurs  at  the  time  indicated  by  the  vertical 
dashed  line  in  Fig.  12.  The  parameter  K  specifies  the  strength  of 
coupling  between  circuits  1  and  2,  and  is  related  to  the  frequency  sepa¬ 
ration  of  Modes  A  and  B  at  cross-over  by  the  expression 


The  quantity  Q1  represents  the  unloaded  Q  of  circuit  1,  while 
is  the  loaded  Q  of  resonator  2,  including  the  loading  due  to  an  output 
waveguide  to  which  the  resonator  is  coupled.  Calculation  of  the  total 
energy  per  sweep  delivered  to  circuit  2  shows  this  energy,  for  the  case 
of  Fig.  12,  is  29$  of  the  energy  which  would  be  stored  in  circuit  1  at 
cross-over  in  the  absence  of  circuit  2,  which  latter  value  is  indicated 
by  the  intersection  marked  U  in  the  figure. 

The  dependence  of  this  energy  transfer  efficiency  on  the  coupling 
coefficient  K  ,  for  values  of  of  50  and  100,  and  with  all  other 

parameters  as  in  Fig.  12,  is  shown  in  Fig.  13*  A  family  of  curves 
showing  the  energy  transfer  ratio  as  a  function  of  QZ  ,  for  several 
values  of  k  ,  is  presented  in  Fig.  14.  The  curves  of  Figs.  13  and  14 
were  calculated  using  data  taken  from  sets  of  computer  curves  of  the 
kind  shown  in  Fig.  12. 

While  the  value  of  k  used  with  Fig.  12  is  comparable  to  that 
involved  in  the  experiments  below,  we  note  from  Fig.  13  that  a  design 
using  higher  coupling  coefficients  could  materially  improve  the  energy 
transfer  efficiency  of  the  coupled  circuits.  We  also  note  from  Fig.  13 
that  the  energy  transfer  ratio  is  predicted  to  be  very  insensitive  to 
Q2  ,  the  loaded  Q  of  the^output  circuit. 
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PULSER  DESIGN 
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Under  the  program  cn  this  contract  a  significant  amount  of  effort 
was  devoted  to  developing  pulsed  field  generators  having  the  charac¬ 
teristics  required  for  high  power  operation  of  the  Type  II  generator. 

As  shown  earlier  in  this  report,  the  principal  requirements  are  con¬ 
cerned  with  the  initial  time-rate-of-rise  of  the  pulsed  field,  the  total 
time  required  t^  reach  the  peak  value,  and  the  field  magnitude  at  the 
peak  value  of  the  pulse.  For  an  experimental  program  having  the  ob¬ 
jectives  of  the  present  contract,  spark  gap  switches  have  consistently 
appeared  to  represent  the  best  solution.  Surveys  of  other  types  of 
switches  indicated  that  they  were  generally  lacking  either  in  total 
current  handling  capacity  or  switching  rate,  or  t.nat  the  complexity  and 
development  time  involved  could  be  expected  to  greatly  >  xceea  that  in¬ 
volved  in  the  case  of  spark  gaps.  As  has  been  stated  above,  the  objec¬ 
tive  of  the  present  program  was  tc  test  experimentally  whether  the 
Type  II  generator  was  capable  of  producing  high  power  microwave  pulses, 
and  in  order  tc  focus  the  effort  on  this  objective  it  was  desirable  t"* 
achieve  the  necessary  pulsed  field  characteristics  in  the  simplest  and 
most  direct  way.  The  spark-gap  and  strip-line  pulser  approach  performed 
this  function  satisfactorily.  This  is  not  to  imply,  at  this  p.,in* ,  that 
the  spark  gap  approach  would  necessarily  be  best  in  a  practical  device 
development,  as  the  comparisons  between  spark  gaps  and  other  possible 
approaches  would  have  to  be  made  on  the  basis  of  fully  engineered  systems 
and  taking  into  r.cccunt  questions  of  lifetime  and  various  practical  and 
environmental  factors. 

The  pulsed  magnetic  field  is  obtained  by  passing  a  current,  in  the 
ferm  of  a  short,  steeply  rising  pulse  of  high  amplitude,  through  a  single¬ 
turn  coil  which  is  described  later.  Typical  magnitudes  involved  are  a 
current  amplitude  of  some  2.5  kA  with  a  pulse  width  of  several  nanoseconds, 
and  pulse  risetime  of  somewhat  under  1  nsec  in  a  coil  having  an  inductance 
of  the  order  of  1  nH.  In  this  section  we  describe  the  pulser  apparatus 
which  was  developed  t*  meet  these  specifications. 


-  30  - 


The  pulser  system  is  illustrated  schematically  in  Fig.  15.  The 
general  approach  involves  the  use  of  a  pressurized  spark  gap  to  switch 
a  relatively  high  voltage  on  a  low- impedance  strip  line,  to  produce  a 
current  pulse  of  high  amplitude  in  the  strip  line,  and  subsequently 
steepening  the  front  edge  of  this  pulse  by  passing  it  through  a  second 
spark  gap,  which  constitutes  a  nonlinear  circuit  element. 

The  charged  line  section  on  the  right-hand  end  in  Fig.  15  is 
charged  to  a  dc  voltage  in  the  range  of  10  -  20  kV,  upon  which  is  super¬ 
imposed  a  60  cps  a._  voltage  in  the  range  of  1  —  3  kV.  The  dc  voltage 
is  set  below  the  breakdown  voltage  of  the  primary  (right-hand)  spark 
gap,  and  gap  firing  oakes  place  near  the  positive  peaks  of  the  ac  volt¬ 
age,  which  assures  a  constant  average  pulse  repetition- frequency.  Stable 
operation  with  two  pulses  per  positive  peak  of  the  ac  waveform  is  readily 
achieved. 

The  primary  and  sharpening  spark  gaps  are  similar  in  design.  The 
gap  electrodes  are  machined  from  copper  or  silver-tungsten  matrix  such 
that  the  radius  of  curvature  of  the  firing  surfaces  is  greater  than  their 
spacing.  Gap  spacing  is  continuously  adjustable  during  operation.  Both 
gaps  are  enclosed  in  pressure  chambers  suitable  for  gas  pressures  up  to 
some  15  atm.  A  drawing  of  the  gap  and  chamber  design  is  given  in  Fig. 

16. 

A  large  number  of  experiments  were  performed,  aimed  at  optimizing 
the  pulser  performance  as  a  function  of  all  available  parameters,  such 
as  characteristic  impedance  and  geometry  of  the  strip  lines,  the  design 
of  strip  line  junctions,  gap  electrode  shapes,  materials,  ana  spacings, 
and  gas  type  and  gas  pressure.  Figure  17  is  typical  of  curves  obtained 
from  sampling  scope  presentations  of  the  leading  .edges  of  both  tin- 
sharpened  and  sharpened  voltage  waves  on  the  output  strip  line,  with  the 
various  pulser  parameters  set  near  their  optimum  values.  These  voltage 
waves  are  viewed  by  tapping  across  the  output  line  at  the  point  V  in 
Fig.  15  located  halfway  along  the  length  of  the  line. 

In  the  system  of  Fig.  15  all  sources  of  reflection  of  traveling 
waves  are  isolated  timewise  from  other  circuit  elements,  to  avoid 
reflection  errors  and  to  avoid  any  traveling  wave  resonance  effects. 
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FIG.  15— Strip -line  layout  for  7.6  ohm  pulser  (not  to  scale). 
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FIG.  17— Sharpened  end  unsharpened  voltage  waveforms 
output  strip  line. 


The  middle  and  output  strip  line  sections  have  characteristic 
impedance  of  7 .6  ft,  as  there  was  found  to  be  a  broad  minimum  in  over¬ 
all  pulsed  field  risetime  in  the  vicinity  of  this  impedance  level. 

These  lines  are  constructed  of  copper  strip  of  width  2  in.  spaced 
0.060  in.  from  a  copper  ground  plane  by  sheet  Mylar  dielectric.  This 
spacing  avoids  nonlinear  effects  in  the  dielectric  material  which  were 
found  to  be  troublesome  at  insufficient  spacing.  In  the  primary  gap, 
nitrogen  at  a  pressure  in  the  vicinity  of  100  lb/ sq.  in.  provides  a 
good  compromise  between  risetime  and  gap  voltage  drop.  Primary  gap 
spacing  is  typically  of  the  order  of  0.020  in.  Pressurizing  of  this 
gap  improves  its  switching  time  by  a  factor  of  about  20  over  atmospheric 
pressure  operation.  Pressurizing  of  the  sharpening  gap  was  found  to  pro¬ 
vide  no  improvement  of  its  functioning. 

To  produce  the  pulsed  magnetic  field  ,  the  pulsed  voltage  wave- 

front  of  Pig.  17  is  incident  upon  a  single-turn  pulsed  field  coil  which 
provides  essentially  a  short-circuit  boundary  condition  at  the  left-hand 
end  of  the  output  strip  line  of  Fig.  15,  so  that  the  final  value  of  coil 
current  is  approximately  2V ^/ZQ  ,  where  is  the  instantaneous  mag¬ 

nitude  of  the  incident  pulsed  voltage  wave  and  Zq  the  characteristic 
impedance  of  the  output  strip  line. 

The  pulsed  field  coil  is  a  single-turn  loop  machined  in  a  brass 
fixture  as  shown  in  Fig.  18,  which  combines  the  pulsed  field  coil  and  a 
coupled  rf  circuit  resonator,  which  is  discussed  later,  in  a  single 
integrated  element.  The  input  leads  to  the  loop  indicated  in  the  figure 
are  connected  directly  to  the  strip  line  curre.it.  source,  resulting  in  a 
pulsed  field  directed  al  ig  the  axis  of  the  loop.  The  YIG  sample,  which 
is  not  shown  is  located  at  the  center  point  of  the  loop. 

The  loop  itself  is  separated  into  two  halves  by  means  of  a  trans¬ 
verse  saw  cut  made  at  the  midpoint  of  its  longitudinal  axis.  These  two 
halves  are  spaced  a  finite  distance  and  are  parallel- conne cted  with 
respect  to  the  pulsed  driving  current. 

In  one  design,  the  unit  of  Fig.  18  is  mounted  in  an  x-band  waveguide 
flange  as  illustrated  in  Fig.  19.  The  flange  introduces  a  shunt  path 
for  pulsed  currents  in  parallel  with  the  regular  coil  path,  wnich  is 
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FIG.  l6--Circuit  element  containing  pulsed  field  coil  and 
X-band  slot  resonator. 
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FIG.  19 — X-band  waveguide  coupling  structure. 


found  to  decrease  the  current  in  the  coil  by  the  order  of  IQfjo.  The 
interfaces  between  this  flange  and  external  waveguide  flanges,  with 
which  it  mates  on  both  sides,  contain  sheet  lucite  spacers  which  are 
essentially  transparent  to  waveguide  signals  but  prevent  shorting  of 
pulse  current  by  the  external  waveguides.  Chokes  are  used  to  prevent 
rf  leakage  between  the  flanges. 

With  the  dimensions  indicated  in  Fig.  18,  the  ratio  of  field  to 
current  for  field  at  the  center  point  of  the  loop  is  2.7?  kOe/kA.  The 
inductance  of  this  pulsed  field  coil  is  approximately  one  nanohenry 
which,  in  the  7*6  ft  strip  line  circuit,  has  a  calculated  risetime  of 
0.13  nsec. 

The  measured  leading  edge  of  the  pulsed  field  waveform  generated 
by  the  above  circuitry  is  shown  in  Fig.  20.  It  is  seen  that  this  pulse 
is  substantially  linear  ever  three-fourths  cf  the  region  shown,  with  a 
slope  of  5  kOe/nsec.  However,  the  initial  portion  consists  of  a  para¬ 
bolic  section  which  joins  the  linear  portion  with  continuous  first 
derivative  at  the  point  labeled  the  junction  point. 

The  slope  of  the  linear  portion  of  this  pulsed  field  waveform 
corresponds  to  a  rise  rate  R  of  0.6  when  the  dc  bias  field  is  0. 7  kOe. 
The  dashed  line  in  Fig.  4  shows  that,  when  the  angle  between  the  pulsed 
field  and  the  dc  field  is  90°,  the  present  R  value  of  0.6  units  should 
lead  to  a  final  precession  angle  of  32°. 

The  theoretical  effect  on  the  final  precession  angle  of  the  initial 
parabolic  portion  of  the  pulsed  field  waveform  is  shown  in  Fig.  21. 

This  is  one  of  a  family  of  such  curves  obtained  from  the  digital  com¬ 
puter.  The  horizontal  scale  is  in  terms  of  the  number  of  radians,  at 
the  initial  precession  frequency,  required  for  the  pulsed  field  to 
reach  the  field  magnitude  corresponding  to  the  junction  point.  In  the 
pulsed  field  waveform  of  Fig.  20  the  number  of  radians  required  to  reach 
the  junction  point  is  six,  and  for  this  case  the  curve  of  Fig.  21  pre¬ 
dicts  a  theoretical  final  precession  angle  of  13°. 
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■Computer  calculation  of  the  final  precession  angle  for 
pulsed  field  having  initial  'jrabolic  rounding, 


CIRCUIT  DESIGN 


The  separation  of  the  pulsed  field  loop  into  two  halves  forms  a 
slot  resonator  which  resonates  in  the  x-band  frequency  range.  The 
symmetry  of  this  arrangement  is  such  that  the  normal  mode  fields  of 
the  slot  resonator  are  not  coupled  to  the  pulsed  field  circuit.  The 
slot  resonator,  whose  rf  fields  are  linearly  polarized  and  are  oriented 
perpendicular  to  ,  performs  the  function  described  above  for 

circuit  2,  extracting  energy  from  the  YIG  sample  by  radiation  damping. 

With  the  coil-rescnator  assembly  mounted  in  an  x-band  rectangular 
waveguide  as  in  Fig.  19.,  the  slot  mode  is  tightly  coupled  to  the  TEQ1 
Waveguide  mode.  Also  indicated  in  the  figure  is  a  capacitive  tuner, 
consisting  of  a  titanium  dioxide  disk  whose  spacing  from  the  slot  reso¬ 
nator  cun  be  varied,  to  accomplish  tuning  of  the  resonant  frequency  from 
approximately  7  to  10  Gc/sec.  Control  of  the  coupling  between  the  reso¬ 
nator  and  the  waveguide  is  afforded  by  means  of  an  adjustable  short 

* 

located  in  the  waveguide  on  one  side  of  the  resonator,  and  also  by  means 

of  the  two  waveguide  tuning  screws  which  are  shown.  * 

As  has  been  seen,  the  function  of  the  present  device  is  to  convert  j 

energy  from  the  source  of  the  applied  magnetic  field  into  rf  energy  in  c 

an  output  waveguide.  The  function  cf  the  ferrite  is  to  transfer  the 
energy  to  the  waveguide  through  the  medium  of  the  coupled  circuit  reso¬ 
nator.  In  this  operation  the  ferrite  behaves  as  a  parametrically  swept 
resonator  and  not  as  a  simple  linear  transducer  of  energy  in  the  Fourier 
components  of  the  field  pulse.  In  this  connection,  the  latter  are 
determined  by  the  rate  of  rise  of  the  field  pulse,  which  is  dictated  by 
the  initial  precession  frequency  of  the  ferrite  and  by  spin-wave  buildup 
times,  and  is  not  related  to  the  output  frequency  of  the  device.  However, 
in  the  vicinity  of  the  crossover  point  where  energy  transfer  takes  place, 
efficient  transfer  requires  heavy  coupling  between  the  ferrite  and  the 
slot  resonator  as  we  have  seen  from  Fig.  13,  and  it  also  requires  over¬ 
coupling  between  the  slot  mode  and  the  output  waveguide. 
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We  can  write 


Eout  F12F23EUM  *  ^ 

where  ^out  is  the  energy  in  the  rf  output  pulse,  E.^  is  the  energy 
associated  with  the  uniform  mode,  F12  is  the  energy  transfer  effi¬ 
ciency  between  circuits  1  and  2  in  the  sense  of  Fig.  13,  and  F^  is 
the  energy  transfer  efficiency  between  the  slot  resonator  and  the  wave¬ 
guide,  for  which  we  have 


f23  =  1  -  Qg/Q^  ,  W 

where  and  Qg  are  the  iinloaded  and  loaded  Q’s  of  the  slot  reso¬ 

nator. 

In  cold  testing  of  the  rf  output  circuit,  a  test  signal  from  a 
s wept - f re quency  signal  generator  is  fed  into  the  waveguide  at  the  out¬ 
put  flange.  This  signal  flows  back  toward  the  ferrite,  opposite  to 
the  normal  direction  of  power  flow  when  the  device  is  operating  as  a 
generator.  Reflections  from  the  ferrite  coupling  circuit  are  used  to 
analyze  the  behavior  of  these  components.  Reflection  coefficient  as  a 
function  of  frequency  is  displayed  on  an  oscilloscope.  On  this  display, 
dips  in  the  re-iei  tion  coefficient  are  seen  at  frequencies  corresponding 
to  the  resonant  frequencies  of  the  ferrite  and  the  slot  resonator.  In 
these  measurements  the  output  circuit  is  located  in  a  variable  labora¬ 
tory  dc  magnet,  oriented  such  that  the  applied  field  lies  along  the 
pulsed  coil  axis,  so  that  the  resonant  frequency  of  the  ferrite  can  be 
tuned  manually  through  the  slot  mode  resonance.  Also  seen  on  the  oscil¬ 
loscope  are  absorption  dips  due  to  any  other  coupled  resonances  in  the 
system.  This  includes  resonances  associated  with  the  adjustable  short 
and  also  miscellaneous  spurious  coupled  resonance'*-.  The  latter  sure,  for 
the  most  part,  weakly  coupled  modes.  Some  of  these  sire  associated  with 
the  dielectric  spacers  used  to  insulate  the  waveguide  flanges  as  indi¬ 
cated  in  Fig.  24.  It  is  founi  that  these  can  be  satisfactorily  mini¬ 
mised  by  proper  dimensioning  of  the  parts,  which  is  done  enpirically. 


-  42  - 


together  with  loading  of  these  modes  by  resistance  cloth  as  in  Fig.  2k. 
Absorption  dips  corresponding  to  the  waveguide  tuner  were  observed  when 
that  tuner  was  present. 

The  general  behavior  of  the  resonant  modes  is  as  follows.  Assume 
that  a  relatively  low  value  of  dc  magnetic  field  is  initially  applied 
to  the  fer-ite.  No  pulsed  fields  are  applied  to  the  ferrite  during  these 
measurements,  as  the  ferrite  operates  simply  as  c  passive  resonator  for 
these  cold  test  measurements .  The  ferrite  absorption  dip  will  appear  as 
a  v«ry  narrow  resonance  line  whose  width  corresponds  to  the  high  un¬ 
loaded  Q  of  the  YIG  sphere.  By  contrast,  thv  absorption  dip  for  slot 
is  much  broader,  under  conditions  of  proper  adjustment,  corresponding  to 
the  much  lower  loaded  Q  of  the  slot  mode,  as  loaded  by  the  coup] ed 
output  waveguide.  As  the  dc  magnetic  field  is  increased,  when  the  fer¬ 
rite  absorption  line  mo\es  close  to  the  slot  resonance,  the  familiar 
"billiard-ball''  effect  of  overcoupled  circuits  is  observed,  when  the 
adjustments  are  such  that  the  ferrite  and  slot  modes  are  mutually  over¬ 
coupled.  In  this  process,  the  ferrite  mode  reaches  a  position  of 
closest  approach  to  the  slot  mode,  and  then  becomes  essentially  station¬ 
ary  as  the  dc  magnetic  field  is  further  increased.  In  this  process,  the 
ferrite  resonance  curve  also  broadens  until  the  ferrite  and  slot  mode 
curves  are  of  essentially  equal  width.  Of  course,  in  this  crossover 
range  the  two  modes  seen  on  the  scope  lose  their  original  identifications 
with  the  individual  ferrite  and  slot  resonators.  They  are  simply  the  two 
modes  of  the  system  of  1  -  coupled  resonators,  and  as  such,  each  of  these 
modes  has  energy  in  each  of  the  resonators.  Upon  further  increase  in  the 
applied  dc  taatietic  field,  the  higher -frequency  mode  of  the  pair,  which 
was  originally  stationary  and  identified  with  the  slot  resonator,  begins 
to  move  upward  in  frequency.  It  eventually  narrows  to  the  characteristic 
width  of  the  unloaded  YIG  sphere,  and  takes  on  all  of  the  characteristics 
of  an  independent,  nloaded  ferrite  resonance. 

The  minimum  frequency  separation  between  the  two  resonance  curves  as 
a  function  of  their  tuning  represents  the  frequency  difference  in  Eq.  (2) 
and  thus  determines  the  coupling  coefficient  K  .  Measurements  on  the 
slot  resonance  determine  its  unloaded  Q  ,  and  also  determine  its  loaded 
Q  versus  adjustments  of  the  waveguide  tuner. 


Measured  values  of  and  minimum  usable  ?or  "the  circuit 

of  Fig.  24  are  300  and  50,  respectively,  so  that  Eq.  (4)  gives 
F0„  O.83.  The  measured  value  of  the  ferrite  coupling  factor  is 

X  *=  0.006,  so  that  from  Fig.  13  we  have  F-0  ~  0.43  . 
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V.  DESCRIPTION  OF  II-B  FERRITE  GENERATOR 


Scale  drawings  of  the  Model  II-B  x-band  generator  are  shown  in 
Figs.  22,  23*  and  2k.  Figure  22  shows  plan  and  elevation  views  of  the 
overall  device.  It  will  be  seen  that  all  components  are  contained 
within  an  electrostatic  shielding  enclosure,  which  consists  of  a  length 
of  L-band  rectangular  brass  waveguide,  closed  at  both  ends  by  brass 
plates.  A  coax  cable  carrying  the  dc  voltage  for  charging  of  the  pulse 
line  enters  at  the  right-hand  end  of  this  shielding  enclosure. 

Nitrogen  pressure  chambers  are  included  for  both  the  primary  and 
sharpening  gaps  in  this  system. 

Figure  2k  is  a  sit*-  :h  of  the  x-band  rf  output  circuit  of  the  gen¬ 
erator.  The  pulsed-f ie  Id- coil  is  mounted  in  an  rf  circuit  flange  in 
the  manner  which  has  been  described  above.  This  flange  is  insulated 
from  the  adjoining  waveguides  by  means  of  lucite  plates  which  are  shown 
in  the  figure.  These  plates  have  been  shaped  to  fit  around  the  pulsed- 
field-coil  leads  as  indicated,  to  avoid  minor  sparking  which  otherwise 
occurs  in  these  areas. 

It  will  be  seen  in  Figs.  22,  23,  and  24  that  controls  are  brought 
out  of  the  shielding  enclosure  for  operation  of  the  rutile  disk  tuner 
which  adjusts  the  frequency  of  the  slot  resonator,  and  also  for  adjust¬ 
ing  the  two  timing  screws  which  are  used  to  compensate  for  the  suscep- 
tance  of  the  pulsed  field  coil  in  the  waveguide.  The  waveguide  on  one 
side  of  the  rf  circuit  flange  is  terminated  in  a  movable  shorting 
plunger,  whose  position  is  controlled  from  outside  the  shielding  en¬ 
closure  . 

The  ferrite  sphere,  which  is  centered  in  the  pulsed-field-coil, 
is  located  on  the  end  of  an  insulating  rod  which  extends  out  through 
the  side  wall  of  the  output  x-band  waveguide  and  through  the  side  wall 
of  the  shielding  enclosure,  so  that  the  position  and  orientation  of  the 
ferrite  within  the  coil  can  be  controlled  by  a  micrometer  mechanism. 

Figure  22  indicates  that  a  small  permanent  magnet  is  located  within 
the  shielding  enclosure  for  providing  the  dc  bias  field  for  the  ferrite. 
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FIG.  22- -Assembly  views  of  II-B  generator 
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This  is  a  yoke-type  magnet,  with  a  yoke  fabricated  from  cold-rolled 
steel,  and  energized  with  ferrite  circular-ring  permanent  magnets. 

This  magnet  assembly  is  capable  of  producing  a  field  of  600  Oe  at  the 
ferrite,  which  is  readily  shunted  down  to  the  optimum  operating  value. 
This  internal  magnet  is  convenient  when  the  generator  is  being  operated 
routinely.  For  experimental  measurements,  to  facilitate  making  rapid 
adjustments  of  the  dc  bias  field,  this  magnet  was  not  used,  and  a  larger 
yoke-type  magnet,  whose  pole  pieces  were  capable  of  fitting  over  the 
outside  of  the  shielding  enclosure,  was  used.  This  was  also  a  permanent 
magnet,  having  a  mechanically  adjustable  shunt  which  allowed  variation 
of  the  bias  field  level. 

It  will  be  seen  in  Fig.  22  that  a  pick-ip  loop  for  monitoring  the 
pulsed  field  wave  shape  is  available.  This  loop  is  encapsulated  in 
polystyrene  at  the  end  of  a  small-diameter  rigid  coax  line  which  is 
inserted  into  the  device  through  an  opening  in  the  shielding  enclosure, 
and  also  through  an  opening  in  the  waveguide  shorting  plunger,  so  that 
the  loop  can  be  positioned  arbitrarily  close  to  the  pulsed-field  coil. 

A  port  is  available  for  inserting  a  gauss -meter  probe  for  measuring  the 
dc  bias  field  applied  to  the  ferrite.  Also  in  Fig.  22  can  be  seen  two 
coax  lines  which  attach  to  coax  fittings  on  the  front  panel.  One  of 
these  carries  a  trigger  signal  which  is  picked  ip  by  a  loop  coupled  to 
the  output  strip  line  in  the  vicinity  of  the  sharpening  gap.  The  other 
is  connected  to  a  direct  tap  on  the  output  strip  line  midway  between  the 
sharpening  gap  and  the  pulsed-field-coil,  which  is  used  to  measure  the 
amplitude  of  the  pulsed  voltage  wave  traveling  on  the  output  strip  line. 
Since  this  latter  voltage  is  of  the  order  of  10  kV  in  peak  amplitude, 
a  high-voltage  short-pulse  fitting  is  required  for  the  panel  connection. 

A  photograph  of  the  generator,  removed  from  its  shielding  enclosure, 
is  showr  in  Fig.  25. 

It  was  not  the  purpose  of  the  present  work  to  study  engineering 
problems  connected  with  erosion  and  lifetime  of  spark-gap  electrodes, 
corona  or  discharges  associated  with  high  voltage  strip  line  conductors, 
or  aging  and  breakdown  phenomena  associated  with  strip  line  dielectrics. 
The  central  purpose  was  to  determine  the  maximum  rf  energy  which  can  be 


extracted  from  a  pulsed  ferrite  sample  when  a  field  pulse  of  suitable 
waveshape  is  applied.  However,  because  of  the  large  number  of  parameters 
involved,  and  the  large  number  of  measurements  necessary  in  order  to 
interpret  the  behavior  of  the  device,  measurements  over  a  considerable 
period  of  time  were  involved.  However,  high  voltage  breakdowns  were 
infrequent.  The  down  time  involved  in  the  occurrence  cf  such  breakdowns 
was  minimized  by  using  a  mechanical  design  in  the  pulser  system  which 
allows  quick  replacement  of  ail  components  by  means  of  spare  parts  which 
are  kept  on  hand.  Pulse-line  dielectric  sheets  are  fabricated  from 
standard  mylar  strips  which  are  easily  pre-cut  to  the  proper  dimensions, 
with  proper  locations  of  holes  and  other  cutouts,  using  a  master  template 
which  was  machined  for  the  purpose.  The  assembly  procedure  is  such  that 
these  new  strips,  as  well  as  new  spark-gap  electrodes  and  pulse-line 
electrodes  if  required,  can  be  easily  dropped  into  place  and  the  entire 
apparatus  reassembled  and  placed  back  in  operation  within  an  hour's  time, 
which  in  an  experimental  laboratory  model  of  the  present  kind  is  entirely 
satisfactory.  This  avoided  any  necessity  cf  spending  time  on  the  investi 
gation  of  high  voltage  lifetime  questions  in  order  to  gather  rf  operating 
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Figure  26  shows  a  block  diagram  of  the  measuring  circuits  vhiih 
were  set  up  for  determining  the  rf  and  video  pulse  characteristics  of 
the  Model  II-B  generator.  Power  in  the  rf  output  pulse  is  determined 
by  two  methods.  In  one  of  these  methods,  average  rf  powe>*  output  i* 
determined  using  a  standard  thermistor  and  power  bridge,  as  indicated 
m  Pig.  2 6.  As  described  m  Section  III,  the  average  p^lse  repetition 
frequency  was  accurately  known  by  synchronizing  the  average  firing  rate 
of  the  pulser  with  a  signal  of  known  frequency,  sc  that  aver-.ge  power 
readings  obtained  from  the  thermistor  bridge  could  be  accurately  con¬ 
verted  to  rf  energy  pe-  pulse.  In  the  second  approach  to  measuring  rf 
power  output,  the  rf  pulse  height  is  compared  directly  with  the  scope 
deflection  produced  by  a  signal  from  a  reference  generator,  which  is 
indicated  in  Fig.  26.  The  power  output  of  the  reference  generator  is 
measured  directly  on  a  power  bridge.  The  crystal  detector  used  for  this 
purpose  is  a  Hewlett-Packard  Model  2-2^-A  fast-rise  type,  which  has  an 
observed  risetime  cf  approximately  1.2  nsec.  Precision  attenuators  were 
used  to  adjust  the  output  power  of  the  ferrite  generator  to  match  the 
output  power  of  the  reference  generator  in  making  peak  power  measure¬ 
ments.  in  practice,  the  crystal  detector  sensitivity  remains  constant 
for  long  periods  cf  time,  and  it  is  possible  to  calibrate  it  and  use 
this  calibration  with  only  occasional  rechecking.  Note  that  the  pro¬ 
cedure  of  comparing  power  levels  by  means  of  attenuator  adjustments 
avoids  any  dependency  of  the  power  measureme  ,t  on  crystal  power-law 
characteri sties. 

Actually,  the  second  method  of  power  measurement,  by  comparison  w.th 
the  reference  signal  generator  was  used  in  the  earlier  measurements  on 
the  generator.  It  was  in  subsequent  measurements,  when  the  power  output 
had  been  increased  to  higher  ranges,  that  it  became  practical  to  employ 
the  thermistor  bridge  for  power  measurements.  When  this  was  done,  a 
disagreement  by  a  factor  of  approximately  2  was  found  to  exist  between 
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the  two  methods,  with  the  thermistor  bridge  giving  the  lower  readings. 
With  the  exception  of  Fig.  31  which  is  shown  later,  and  whose  purpose 
is  to  show  the  dependence  of  relative  power  output  upon  various  parameter 
adjustments,  all  rf  power  figures  quoted  or  used  in  calculations  in  this 
report  are  based  upon  the  values  obtained  from  thermistor  bridge  measure¬ 
ments. 

Figure  26  also  indicates  provisions  for  measuring  video  pulse 
characteristics  during  the  operation  of  the  generator,  by  connecting 
the  sanpling  scope  to  appropriate  terminals  of  the  generator  which  are 
shown  in  Figs.  22  and  23. 

A  photograph  of  the  measurement  setup  for  hot  testing  of  the'  gen¬ 
erator  is  shown  in  Fig.  2J.  The  Model  II-B  generator  may  be  seen  on 
the  table  in  the  foreground.  The  earlier  Model  II-A  device  is  in  the 
large  rectangular  shield  box  in  the  left  background.  The  two  large  coils 
of  cable  are  the  spiroline  delay  lines  of  Fig.  26,  the  larger  being  used 
for  video  pulse  delsy  and  the  smaller  for  rf  pulse  delay. 

In  operation  of  the  generator,  the  frequency  of  the  rf  output  signal 
is  controlled  primarily  by  the  slot-mode  tuner,  but  it  is  necessary  to 
also  track  the  movable  short  in  the  output  waveguide.  Under  these  condi¬ 
tions,  the  output  rf  pulse  train  consists  of  single,  nearly  monochromatic 
pulses,  whose  frequency  is  tunable  over  the  entire  tuning  range  of  the 
slot-mode  tuner.  In  carrying  out  this  procedure  the  proper  position  for 
the  sliding  short  is  a  linear  function  of  frequency  and  is  readily  pre¬ 
set.  The  primary  tuning  control  is  then  adjusted  for  maximum  average 
power  as  read  on  the  average  output  power  meter,  and  the  rf  waveform  is 
observed  on  the  sampling  scope,  while  the  primary  tuner  is  readjusted 
slightly  for  the  best  rf  envelope  shape. 

Figure  28(a)  shows  a  sampling  scope  trace  of  the  rf  output  pulse 
under  proper  adjustments.  In  viewing  x-band  waveforms  care  is  necessary 
to  eliminate  junction  reflections  and  higher  mode  excitation  in  the  delay 
line  circuit  to  the  scope  to  obtain  results  as  in  Fig.  28.  Circuits  pre¬ 
viously  suitable  for  nanosecond  video  pulse  viewing  produced  excessive 
echoes  when  used  with  x-band  signals.  The  slightly  increasing  rf  ampli- 
tude  to  the  far  right  in  Fig.  28(a),  after  the  main  pulse  has  cear :d,  is 
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FIG.  28(a)— Output  pulses  of  Model  II-B  generator. 
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the  beginning  of  an  echo  due  to  residual  reflections  at  the  scope  input 
circuit  after  all  other  sources  of  reflection  have  been  minimized. 

In  obtaining  direct  rf  waveforms  as  in  the  upper  trace  of  the  figure, 
the  output  of  the  ferrite  generator  is  sufficient  to  operate  the  sampling 
scope  in  this  manner  with  some  JO  dB  of  rf  attenuation  present  in  the  rf 
transmission  system  between  the  generator  and  the  Hewlett-Packard  l88A 
sampling  oscilloscope.  In  this  operation  the  oscilloscope  is  triggered 
from  a  signal  derived  from  a  small  pick-up  loop  coupled  to  the  pulsed 
field.  Figure  28(b)  is  an  expanded  view  of  the  rf  waveform  of  Fig.  28(a), 
which  illustrates  well  the  interpuise  phase  coherence.  The  smooth  traces 
obtained  in  this  way  indicate  a  high  degree  of  rf  phase  coherence  from 
pulse  to  pulse  in  the  output  of  the  generator. 

Also  shown  in  Fig.  28(a),  in  the  lower  trace,  is  the  rf  output 
envelope  obtained  using  a  Hewlett-Packard  Model  424a  crystal  detector 
working  into  50  ohms.  -The  crystal  detector  introduces  distortions  in  the 
details  of  the  output  pulse,  which  are  absent  when  the  unrectified  rf 
pulse  is  measured  directly. 

Tunability  of  the  center  frequency  of  the  rf  output  pulse  is  illus¬ 
trated  in  Fig.  29.  The  total  timing  range  observed  is  the  same  as  the 
tuning  range  of  the  slot  resonator  mode.  The  rf  energy  per  pulse  is  seen 
to  generally  increase  as  frequency  increases,  which  is  to  be  expected  since 
the  energy  associpted  with  the  uniform  precession  mode  in  the  present 
pulsing  system  is  proportional  to  frequency  of  the  mode,  as  has  been  seen 
above.  During  the  measurements  in  Fig.  29,  the  pulsed  field  parameters 
were  not  adjusted  for  maximum  rf  energy  per  pulse. 

Instantaneous  frequency  across  the  pulse  can  be  determined  from 
sampling  scope  pictures  in  the  manner  illustrated  in  Fig.  30.  In  this 
case  the  successive  peaks  in  a  sampling  scope  trace  are  numbered  consecu¬ 
tively.  The  horizontal  locations  of  the  various  peaks  axe  determined  using 
a  traveling  microscope,  and  these  locations  are  plotted  as  a  function  of 
the  peak  number.  If  the  instantaneous  frequency,  as  averaged  over  half 
cycle  intervals,  were  constant,  the  points  so  obtained  would  of  course  lie 
on  a  straight  line  whose  slope  would  be  a  measure  of  this  frequency. 

This  procedure  allows  one  to  determine  the  instantaneous  frequency  at  any 


FIG.  29 --Variation  of  rf  energy  with  frequency 
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point,  as  averaged  over  half  cycle  intervals.  We  see  from  Fig.  30  that 
the  experimental  points  lie  very  nearly  on  a  straight  line,  indicating 
only  small  deviations,  across  the  pulse,  from  the  average  frequency  for 
the  entiie  wave  train,  the  latter  frequency  being  8.1  Gc/sec  j.n  this 
particular  case. 

Because  of  the  large  number  of  variable  parameters  in  this  experi¬ 
mental  model  of  the  device,  it  was  impracti cable  to  attempt  a  straight¬ 
forward  optimization  by  running  systematically  through  all  possible 
combinations  of  these  parameters  in  order  to  determine  maximum  rf  power 
output.  Instead,  various  adjustments  were  set  up  intuitively  and  were 
then  varied  in  steps  which,  for  the  most  part,  tended  to  increase  the 
power,  and  for  each  new  result  the  parameter  adjustments  were  recorded 
and  the  power  output  was  plotted  on  a  scatter  graph  which  is  shown  in 
Fig.  31*  In  this  figure  the  rf  energy  in  the  output  pulse,  measured  in 
watt -nanoseconds,  is  plotted  on  the  vertical  scale,  as  a  function  of 
diameter  of  the  YIG  sample  on  the  horizontal  scale.  The  plotted  points 
represent  measured  values  of  rf  output  energy.  The  solid  lines  on  the 
graph  represent  the  theoretical  energy  available  from  the  uniform  pre¬ 
cession  mode  in  a  YIG  sphere  for  several  fixed  values  of  precession 
angle ,  assuming  that  the  process  of  extracting  rf  energy  from  the  fer¬ 
rite  is  10C$  efficient.  If  a  measured  energy  value  lies  on  a  straight 
line  for  a  given  value  of  precession  angle,  this  indicates  that  the 
actual  maximum  precession  angle  achieved  in  the  ferrite  must  exceed  this 
value,  because  there  will  of  necessity  be  some  energy  lost  in  the  process 
of  transferring  energy  from  the  ferrite  to  the  rf  circuit.  This  question 
is  discussed  further  below.  We  notice  from  Fig.  31  that  the  maximum 
energy,  in  the  present  series  of  experiments,  was  obtained  for  YIG  spheres 
of  k6  and  k8  mils  diameter.  We  see  that  for  these  particular  cases  the 
maximum  indicated  energy  per  pulse  in  Fig.  31  is  66 0  watt-nanoseconds. 

For  the  measurements  involved  in  this  particular  graph,  rf  power  levels 
were  determined  by  comparison  with  the  power  output  of  a  standard  labora¬ 
tory  signal  generator  used  as  a  reference.  As  stated  above,  this  pro¬ 
cedure  produces  results  which  are  net  in  agreement  with  power  measure¬ 
ments  obtained  using  a  thermistor  bridge.  Thus,  the  plotted  points  in 
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Fig.  31  are  to  be  used  for  the  purpose  of  illustrating  relative  power 
output  variations  as  a  function  of  parameter  changes.  The  straight-line 
plots  however,  being  theoretical,  are  quantitative. 

The  highest  value  of  rf  output  energy  which  has  been  observed  is 
3?5  watt-nsec,  detei mined  by  thermistor -bridge  measurement  of  average 
power  as  discussed  above.  Using  the  values  of  F12  and  from 

Section  IV,  Eq.  (3)  gives,  for  the  theoretical,  ratio  of  output  energy 
to  the  energy  available  from  the  ferrite,  Eq^/E^  =  0.34  .  We  thus 
infer  from  rf  output  and  cold  test  measurements  that  the  mavi  imim  energy 
actually  associated  with  the  uniform  mode  in  the  ferrite  was  =  1  kW-nsec. 
Referring  to  the  straight  lines  in  Fig.  31#  this  energy  corresponds  to  a 
precession  angle  of  approximately  13°.  This  is  seen  to  be  in  favorable 
agreement  with  the  precession  angle  predicted  theoretically  from  the 
computer . calculations  of  build-up  kinematics,  as  shown  earlier  in  con¬ 
nection  with  Fig.  21. 


VII.  MODIFICATIONS 


A.  FF  Ourout  Circuit  Modifications 


In  the  exploratory  cold  test  work  on  the  circuit  of  Fig.  24,  the 
adjustable  waveguide  short  was  important  because  it  provided  a  simple 
method  of  experimentally  varying  the  coupling  between  the  slot  mode  and 
the  waveguide  fields  while  measurements  were  being  made.  The  adjustable 
coupling  was  similarly  important  during  the  first  hot  test  measurements 
when  the  circuit  of  Fig.  24  was  incorporated  in  the  Model  II-B  generator. 

This  was  a  carryover  from  an  investigation  of  an  earlier  circuit 
which  preceded  the  slot  resonator  design.  The  former  involved  the  use 
of  a  miniature  rutile  dielectric  resonator  to  provide  the  coupling  be¬ 
tween  the  YIG  sphere  and  the  waveguide  field.  In  the  case  of  dielectric 
resonators  of  this  kind,  an  adjustable  short  has  become  a  standard  means 
of  varying  the  coupling  between  the  resonator  and  a  waveguide.  The 
dielectric  resonator  was  found  capable  of  providing  suitable  values  of 
internal  Q  and  external  Q  ,  but  was  not  as  compatible  with  the  re¬ 
quirements  of  the  pulse  field  coil  as  is  the  slot  resonator. 

A  considerable  amount  of  cold  test  and  hot  test  experience  with  the 
circuit  of  Fig.  24  showed  that  the  adjustable  short  has  various  dis¬ 
advantages  which  made  it  desirable  to  redesign  the  output  coupling  cir¬ 
cuit  such  as  to  eliminate  the  need  for  this  component  in  a  practical 
generator.  One  disadvantage  has  been  seen  in  Section  VI  in  the  fact 
that  in  tuning  the  output  frequency  of  the  generator,  it  is  necessary  to 
properly  track  the  waveguide  short.  The  variable  short  constitutes  an 
additional  resonant  circuit  coupled  to  the  rf  output  system.  This 
results  from  the  fact  that  the  pulsed-field-coil  structure  constitutes 
an  rf  susceptance  in  the  waveguide  which,  taken  together  with  the  mov¬ 
able  short,  forms  an  x-band  resonator.  This,  together  with  the  YIG  and 
slot  resonators  makes,  in  all,  a  circuit  of  three  coupled  resonators, 
all  of  which  are  tunable.  This  system  is  difficult  to  adjust  for  the 
proper  Q  values  for  the  two  main  resonators.  Another  disadvantage  of 
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the  momble  waveguide  short  is  that  it  requires  a  considerable  amount 
of  space  compared  to  the  size  of  the  other  essential  portions  of  the 
output  circuit. 

Some  work  has  been  carried  out  on  an  output  circuit  design  which 
e  iminates  the  need  for  the  variable  short.  The  arrangement  is  indi¬ 
cated  in  rigs.  32  and  33*  The  pulsed-coil/slot-resonator  element  has 
been  moved  from  its  original  position  in  the  broad  side-wall  of  the 
waveguide  (Fi6.  2k)  to  a  new  position  in  the  center  of  the  waveguide 
shorting  plane.  The  fixed  shorting  plane  in  Fig.  32  replaces  the  mov¬ 
able  plunger  of  the  earlier  design.  It  will  be  seen  that  the  shorting 
plane  is  fabricated  in  two  halves,  which  are  separated  and  insulated 
from  the  mating  output  waveguide  flange,  to  avoid  short-circuiting  the 
pulsed  current  fed  to  the  coil.  The  leads  to  the  pulsed  coil  are 
directly  connected  electrically  to  the  opposite  halves  of  the  shorting 
plate.  Just  as  in  the  previous  design,  this  symmetrical  arrangement 
completely  avoids  radiation  of  rf  energy  back  into  the  strip-line 
pulser  circuit. 

Consideration  of  the  circuit  orientations  of  Fig.  32  and  of  the 
normal  distribution  of  rf  magnetic  fields  in  the  waveguide,  indicates 
that  strong  coupling  can  exist  between  the  slot  resonator  and  the  wave¬ 
guide  fields.  It  is  found  that  when  the  slot  resonator  is  located  as 
in  Fig.  33,  the  external  Q  of  the  slot  mode  is  the  same  as  quoted 
earlier  for  the  circuit  of  Fig.  2k  over  part  of  the  tuning  range.  This 
circuit  was  installed  in  the  II-B  generator  as  in  Fig.  32  and  operated 
briefly.  It  showed  approximately  the  same  rf  power  output  as  the  pre¬ 
vious  circuit,  but  with  simpler  tuning  since  there  is  only  one  tuning 
adjustment.  In  farther  cold  test  work  with  this  circuit,  a  slot 
resonator  element  was  arranged  to  slide  in  the  shorting  plate,  with  a 
micrometer  drive  to  vary  the  depth  of  penetration  of  the  resonator  into 
the  waveguide.  The  resonator  element  was  guided  by  cutouts  in  the  two 
halves  of  the  shorting  plate,  and  these  halves  were  spring-loaded  against 
the  pulsed  coil  leads  to  make  electrical  contact  with  them  during  the 
motion.  It  was  found  that  the  coupling  between  the  waveguide  and  the 
slot  resonator  decreased  as  the  penetration  was  decreased,  as  expected. 
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It  was  also  found  that  the  addition  of  ridges  in  the  waveguide  could  he 
us';d  to  increase  the  coupling  over  that  obtainable  in  unloaded  guide. 
These  ridges  were  attached  along  the  center  lines  of  the  two  broad  faces 
of  the  waveguide,  and  started  at  the  shorting  end  plate,  so  that  the 
waveguide  in  the  vicinity  of  the  slot  resonator  was  a  double-ridged 
guide.  The  width  of  the  ridges  was  0.313  inches  and  the  spacing  between 
opposing  ridges  was  0.170  inches.  In  going  away  from  the  slot  circuit 
these  ridges  were  tapered  out  into  standard  waveguide.  A  typical  set  of 
measurements  of  internal  and  external  Q  as  a  function  of  frequency  foi 
the  slot  resonator  with  these  ridges  present  is  shown  in  Fig.  34.  It  is 
seen  thau  the  external  Q  ,  Qg  ,  of  the  slot  resonator  dropped  to  low 
values,  as  desired,  but  varies  considerably  with  frequency.  Beyond  the 
upper  frequency  range  shown  in  the  figure  Qg  dropped  below  20,  to 
values  which  were  not  directly  measurable.  These  low  values  of  Qg  are 
of  interest  for  high  output  circuit  efficiency  in  the  generator.  Further 
cold  test  work  would  be  desirable,  attempting  to  decrease  the  frequency 
variation  of  Qg  .  The  objective  would  be  to  obtain  a  design  having 
Qg  which  could  be  preset  to  any  desired  value,  and  which  would  remain 
reasonably  constant  at  this  value  over  whatever  frequency  tuning  range 
is  desired. 


Note  that  the  internal  Q  ,  Qq  ,  of  the  slot  resonator  is  approxi¬ 
mately  independent  of  frequency,  as  it  should  be.  [Here,  corresponds 

to  of  Eq.  (4).]  However,  its  value  is  lower  than  for  the  case  of 
Fig.  24.  This  may  be  associated  with  details  of  the  ridge  construction 
in  the  vicinity  of  the  slot  resonator;  Eq.  (4)  shows  that  it  would  be 
important  to  remove  the  source  of  loss  to  obtain  maximum  output  circuit 
efficiency. 

A  spurious  resonance  was  found  in  the  rutile  tuning  dick  when  turning 
tc  the  low- frequency  portion  of  the  tuning  range.  A  small  block  of  sty- 
cast  dielectric,  having  dielectric  constant  of  12,  was  cut  to  fit  directly 
into  the  electric  field  region  of  the  slot  resonator.  This  provided  a 
fixed  capacitor  which  lowered  the  frequency  of  the  resonator  and  removed 
this  effect.  However,  the  sty cast  contributed  to  the  Q  degradation, 
so  that  one  would  want  to  either  redesign  the  rutile  tuner  disk  or  replace 
the  stycast  sample  with  a  dielectric  of  higher  Q  . 


! 
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Measured  values  of  internal  and  external  Q  of  slot  resonator  in  modified 
circuit. 


If  these  various  modifications  can  be  successfully  carried  out,  the 
ridged  output  circuit  may  be  capable  of  providing  higher  efficiency 
than  the  present  output  coupling  system  in  the  II-B  generator,  together 
with  having  the  advantage  of  single-knob  frequency  tuning. 


>sea  Modification  of  Pulsing  Process 


It  is  shown  in  Section  III  that  the  initial  parabolic  portion  of 
the  present  pulsed  field  waveforms  has,  in  theory,  a  very  harmful  effect 
on  the  precession  angle.  In  fact,  the  present  precession  angle  is  seen 
to  be  near  the  bottom  of  the  most  steeply  declining  portion  of  the 
curve  of  Fig.  21,  so  that  any  reduction  in  the  time  required  to  reach 
the  junction  point  would  be  of  real  •value  in  increasing  the  precession 
angle.  According  to  Fig.  21,  the  parabolic  effect  in  the  present  gen¬ 
erator  reduces  the  precession  angle  by  a  factor  of  2.5,  which  leads  to 
a  reduction  of  energy  of  7-8  dB.  It  is  to  be  expected  that  the  output 
energy  of  the  generator  could  be  increased  by  this  amount  if  the  para¬ 
bolic  effect  could  be  eliminated. 

A  new  approach,  aimed  at  overcoming  the  limitation  of  precession 

angle  due  to  the  prarabolic  effect  in  the  pulsed  field,  is  illustrated 

by  Fig.  35*  Here  the  pulsed  magnetic  field  H  is  applied  at  an  angle 
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to  Hq  which  exceeds  90  ,  i.e.,  the  pulsing  angle  \jfg  exceeds  90  . 

The  vectors  1,  2  and  3  represent  the  total  magnetic  field  at  three  suc¬ 
cessive  instants  of  time  during  the  pulsed  field  buildup.  It  Is  seen 
that  the  total  field  magnitude  at  first  decreases  monotonically  with 
time  until  it  reaches  the  value  of  vector  2,  and  thereafter  increases 
monotonically  with  time.  The  parabolic  range  labeled  in  Fig.  35  covers 
the  time  interval  required  to  reach  the  junction  point.  During  this 
interval  the  precession  frequency  is  relatively  high  and  the  sweep  rate 
is  low,  so  that  very  little  precession  angle  is  established.  The 
interval  between  vectors  1  mid  3,  labeled  excitation  range,  is  the' 
Interval  during  which  the  precession  frequency  is  lowest  and  the  angular 
velocity  of  the  total  field  vector  is  highest.  This  is  the  nonadiabatic 
region  during  which  excitation  of  a  large  precession  angle  is  expected  to 
occur.  The  pumping  range  beyond  vector  3  is  the  range  during  which  the 
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FIG.  35- -Illustration  of  proposed  process  for 
increasing  the  final  precession  angle 


magnitude  of  the  precession  angle  remains  substantially  constant  while 
its  frequency  and  energy  are  pumped  upward  by  the  pulsed  field,  just  as 
in  the  present  Type  II  generator. 

The  essential  idea  involved  in  this  approach  is  that  the  parabolic 
region  of  the  pulsed  field  rise,  which  involves  a  very  low  average  rate 
of  rise,  is  moved  outside  the  critical  region  of  low  precession  frequency. 
The  low  frequency  region  is  then  traversed  with  high  angular  velocity,  a 
condition  now  known  to  be  necessary  for  the  establishment  of  large  pre¬ 
cession  angle.  We  know  that  the  entire  precession  angle  is  essentially 
established  during  the  first  one  to  two  radians  of  precession  in  the 
region  of  lowest  precession  frequency.  The  behavior  under  the  conditions 
proposed  in  Fig.  35  should  be  first  studied  on  the  digital  computer,  to 
determine  the  extent  of  improvement,  and  the  optimum  combination  of 
parameters.  This  would  represent  an  extension  of  computer  cases  solved 
previously  for  pulsing  at  angles  of  90°  and  less.  An  experimental  evalu¬ 
ation  would  involve  simple  mechanical  modification  of  apparatus  of  the 
present  type  to  permit  pulsing  at  angles  other  than  90°,  and  to  permit 
increased  biased  field  amplitude. 

This  mode  of  operation  has  a  further  possible  advantage  which  may  be 
of  importance.  Theory  and  experiment  both  predict  a  rapid  increase  of 
energy  with  decrease  in  the  magnitude  of  the  dc  bias  field  and  the  pres¬ 
ent  approach,  by  pulsing  rapidly  through  the  region  of  minimum  total 
field,  instead  of  dwelling  in  that  region  for  a  long  period  of  time 
(essentially  continuously)  as  in  the  present  operation,  may  allow  the  use 
of  small  minimum  field  before  the  formation  of  domains  in  the  ferrite 
becomes  harmful.  That  is,  as  the  total  field  vector  sweeps  through  the 
position  2  in  Fig.  35 >  it  may  be  possible  for  .  ts  magnitude  to  dip  below 
the  allowable  field  minimum  required  to  maintain  saturation  in  the  case  of 
a  dc  field.  Due  to  the  repid  sweep  rate  through  this  region,  end  to  the 
reasonably  small  average  angle  between  the  total  field  and  the  magniti- 
zation  in  thi6  region,  this  fact  may  be  of  importance  in  producing  a 
second  increase  in  the  final  precession  angle  and  energy  in  the  Type  II 
device,  over  and  above  the  increase  due  to  elimination  of  the  parabolic 
effect. 
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C.  -Other  Possible  Modifications 


We  list  here  a  few  additional  topics  which  might  be  of  value  to 
explore  for  further  development  of  Type  II  ferrite  generators. 

With  regard  to  increasing  the  power  output,  one  should  consider 
possible  use  of  multiple  ferrite  spheres,  or  larger-volume  samples,  to 
increase  the  energy  associated  with  the  uniform  precession.  Also  of 
interest  is  the  use  of  material  of  lower  saturation  magnetization,  to¬ 
gether  with  lower  bias  field  to  increase  the  uniform  precession  magni¬ 
tude.  Material  with  high  crystalline  anisotropy,  such  as  single -crystal 
planar  ferrite,  which  has  been  developed  at  the  Signal  Corps  Engineering 
Laboratories  in  recent  years,  night  be  used  to  advantage  to  achieve 
larger  precession  angles,  or  to  reach  higher  output  frequencies  with 
lower  pulsed  field  magnitudes. 

In  terms  of  a  practical  device,  great  reduction  of  physical  size 
should  be  possible.  The  active  YIG  sample  and  slot  resonator  circuit 
are  extremely  small.  The  bias  field  permanent  magnet  could  be  cor¬ 
respondingly  small.  In  the  pv'ser  strip-line,  segments  which  are  pres¬ 
ently  employed  for  time -domain  isolation  of  pulse  reflections  for 
measurement  purposes,  could  be  eliminated.  Dimensions  of  the  remainder 
of  the  pulser  could  be  reduced  very  appreciably  by  rearranging  strip¬ 
line  layouts  to  equalize  dimensions,  employing  recent  techniques  for 
miniature  strip-line  fabrication,  and  by  miniaturizing  the  switching 
elements.  It  might  be  possible  for  the  spark-gap  switches,  which  have 
proved  very  satisfactory  for  the  present  laboratory  experiments,  to  give 
way  to  other  types  of  switches. 

Regardless  of  the  uniform  precession  amplitude  which  is  developed 
in  the  device,  the  energy  associated  with  the  uniform  precession  mode 
in  the  ferrite  sample  is  necessarily  a  snail  fraction  of  the  pulse  energy 
circulating  in  the  strip-line  circuitry.  This  circuitry  has  a  reasonably 
high  Q  ,  and  the  Q  could  be  further  increased,  and  thus  it  is  pos¬ 
sible  in  principle  to  devise  means  for  recirculating  this  unused  energy 
back  to  the  dc  power  supply  after  each  pulse.  This  possibility  was  not 
investigated  under  the  present  program,  as  it  was  outside  of  the  present 
objectives,  but  could  be  an  impoj-tant  aspect  of  any  practical  develop¬ 
ment  of  devices  of  this  kind. 
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rate*  and  pnlaiug  angle*  when  the  pniae  la  linear,  and  2)  arbitrary 
pulaing  angkea  when  the  pniae  i*  alowly  rising  and  nonlinear. 


Introduction 

IT  HAS  BEEN  SHOWN  theoretically  [1  ],  {2]  and  experi¬ 
mentally  [3],  (4]  that  small  ferrite  samples  subjected 
to  pulsed  magnetic  fields  can  transfer  energy  from  the 
pulsed  magnetic  field  to  a  suitably  coupled  RF  circuit  in 
the  form  of  microwave  energy.  The  basic  process  involved 
is  the  establishment  of  an  angle  between  the  magnetiza¬ 
tion  vector  in  the  ferrite  and  the  applied  magnetic  field 
vector  by  orienting  the  applied  field  at  an  angle  to  the 
magnetization,  and  by  introducing  the  applied  field  in 
the  form  of  a  pulse  whose  rate  of  rise  is  sufficiently  rapid 
that  an  appreciable  fraction  of  this  physical  angle  is 
maintained  until  the  field  has  reached  its  &  sired  magni¬ 
tude.  This  is  a  question  of  the  kinematics  of  electron  spin 
motion  in  a  pulsed  magnetic  field.  As  the  magnetic  field 
rises,  torques  are  exerted  upon  the  magnetization  in  the 
sample,  resulting  in  a  motion  of  the  magnetization  which 
generally  tends  to  reduce  the  angle  between  the  magneti¬ 
zation  and  the  field  during  the  build-up  interval  of  the 
field.  The  RF  energy  which  can  be  extracted  from  the 
ferrite  increases  monotonically  with  the  magnitude  of  the 
final  value  of  the  angle  between  the  magnetization  and 
the  applied  field,  this  increase  being  quadratic  for  small 
angles.  Because  of  the  fundamental  importance  of  the 
final  precession  angle,  this  paper  will  present  a  theory  for 
predicting  its  magnitude  in  isotropic  spherically  shaped 
samples  as  a  function  of  the  angle  to  the  magnetization  at 
which  the  applied  field  pulse  is  oriented,  the  rate  of  rise 
of  the  applied  field  pulse,  and  the  magnetic  properties  of 
the  ferrite  sample. 

In  practice,  additional  processes  also  operate  to  affect 
the  final  value  of  precession  angle  obtained.  One  such 
process  is  the  amplification  of  spin  waves  from  their 
thermal  levels  to  high  levels,  which  decrease  the  energy 
available  from  the  desired  uniform  precession  mode  and 
increase  the  energy  associated  with  spin  modes  which, 
unlike  the  uniform  precession,  cannot  transfer  their  energy 
to  a  coupled  microwave  circuit.  In  steady  state  problems, 
spin  wave  phenomena  of  this  kind  have  been  widely 
studied  [5],  [6],  [7]  and  are  well  known.  Under  the  present 
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transient  circumstances  a  new  study  of  these  mechanisms 
is  required,  and  such  a  study  has  been  carried  out  using 
the  digital  computer  [8].  Another  factor  which,  in 
principle,  influences  the  final  precession  angle  is  the 
existence  of  dissipation  mechanisms  within  the  ferrite, 
which  have  been  ignored  in  the  analysis  being  reported 
in  this  paper.  In  practice,  it  can  be  expected  that  the 
effect  of  such  dissipation  during  the  rise  time  of  the  applied 
field  will  be  very  smali,  because  the  avoidance  of  serious 
spin  wave  effects  typically  limits  the  total  rise  time  of  the 
applied  magnetic  fields  to  values  much  shorter  than  the 
relaxation  time  of  common  YIG  materials.  Under  these 
circumstances,  any  effects  of  attenuation  within  the 
ferrite  would,  in  practice,  occur  during  the  interval 
devoted  to  extraction  of  RF  energy  from  the  ferrite, 
which  process  is  not  within  the  scope  of  this  paper.  Also, 
it  should  be  recognized  that  in  practice,  of  course,  the 
amount  of  RF  energy  attainable  from  the  ferrite  will  be 
strongly  dependent  upon  the  efficiency  of  the  RF  coupling 
system  used  to  extract  the  RF  energy,  which  again  is  not 
within  the  scope  of  this  paper. 

The  question  of  spin-wave  efft  as  was  noted,  has 
been  the  subject  of  a  separate  th(x.  *  cai  investigation, 
and  the  other  factors  previously  listed,  which  also  combine 
to  limit  the  final  precession  angle,  are  the  subject  of  exten¬ 
sive  experimental  studies  which  are  now  in  progress  in 
this  laboratory.  In  the  meantime,  the  particular  aspect 
which  is  studied  theoretically  in  this  paper  has  a  basic 
relationship  to  these  other  aspects  in  that  it  shows  the 
maximum  possible  precession  angles  which  one  can  hope 
to  attain  on  simple  kinematic  grounds,  quite  apart  horn 
the  various  experimental  parameters  which  enter  into 
the  other  effects  mentioned  above.  While  this  present 
kinematic  problem  has  received  earlier  theoretical  study 
(l],  the  present  paper  presents  the  first  solutions  which 
are  both  precise  and  free  of  approximating  assumptions, 
and  which  also  extend  to  the  range  of  large  precession 
angles. 

Equations  of  Motion 

In  the  fixed  coordinate  system  (x'j/'zO  shown  in  Fig.  1, 
the  sample  is  initially  magnetized  to  saturation  by  a 
constant  magnetic  field,  Ho,  with  components 


Ht>  *»  H%  sin  ♦» 

(1) 

Ht<  a  0 

(2) 

H,’  —  H%  oos  ♦*. 

(3) 

A  pulsed  field  H,( f)  is  then  applied  along  the  < -axis. 

It  is  convenient  to  introduce  the  moving  coordinate 
system  (x,y,z),  also  shown  in  Fig.  1.  The  s-axis  of  tins 
system  is  chosen  to  coincide  with  the  total  magnetic  field 
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equations  of  motion.  If  we  define 

m  -  M,  +  M, 
and 

a  - 


(13) 
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Fig.  4.  Final  preenrion  angle  Oi  aa  a  function  of  puking  aagta  4* 
with  P  aa  a  paiameter. 


then  (#M11)  reduce  to  the  single  linear  differential 
equation 

~  -  *u*(l  +  r*),rt«  +  (15) 

It  is  known  that  this  has  a  solution  of  the  form 

£0^**  dr,  (16) 

where 


Fig.  5.  Final  pr*-r-rion  angle  0i 

angle  4,  aa  a  parameter. 


P  -  — ta*0  +  f*)w 
V  l  +  f* 

The  precession  angle  is  given  by  the  relation. 

0  -  |»|, 

when  0  is  smalL  By  letting  r  approach  infinity  in  (16)  we 
obtain  the  expression  for  0*.  Since  P  is  a  pure  imaginary, 
it  follows  that 

e,-Lfy«r4  (i7) 

Substitution  then  yields  the  final  formula  for  6<: 

9i  -  If..  rr^"p [* f {t(1 + + 

aa  a  parameter.  1  .  .... 

ln((l  +  r*)‘»  +  rjy.  (18) 


0 1  —  tan 


,  (1  -  M«»)»» 
Af.  ' 


The  final  precession  angle  0j  is  plotted  in  Fig.  4  as  a  func¬ 
tion  of  *•  with  p  as  a  parameter,  while  in  Fig.  5,  G»  is 
plotted  as  a  function  of  V/3  with  *«  as  a  parameter.  In 
the  latter  figure,  the  quantity  V/Swas  chosen  in  order  to 
straighten  out  the  curves  as  much  as  possible.  The  choice 
of  p  and  9|  as  parameters  for  these  curves  is  not  unique, 
of  course,  and  was  chosen  because  the  pulse-rise  rate  was 
varied  and  the  precession  angle  held  constant  during  the 
experiments,  or  vice  versa. 

Fortunately,  it  is  also  possible  to  obtain  a  closed-form 
solution  for  the  final  precession  angle  under  amplifying 
assumptions  which  are  often  compatible  with  experimental 
conditions.  In  aome  experiments  P  i«  greater  than  10,  and 
consequently,  as  Fig.  5  sqggeris  and  more  detailed  cal¬ 
culations  show,  the  precession  angle  under  these  circum¬ 
stances  is  smalL  It  is  then  valid  to  set  If,  to  unity  in  the 


The  situation  is  even  simpler  wheat  *,  is  small  Since 
this  implies  that  6  is  small  also,  it  follows  that  (18)  is 
again  valid.  Furthermore,  since  r  h  now  large,  we  can 
replace  (1  +  rs)in  by  r,  wd  also  neglect  the  term  In 
(1  +  r*),rt.  In  this  case,  (18)  reduces  to 


(»> 


e.-l££«p(— | 

Further  reduction  leads  finally  to  the  formula 

«-{[-' •''-(•SHU* 

where  R  is  the 'ratio  of  0i  to  ♦«,  and  8  and  C  are  the 
familiar  Freaoel  integrals.  This  formula  has  already  been 
derived  by  E.  8chl6mann  (2J.  It  is  extremely  useful  since 
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then  (22)  reduces  to 


so  so 
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•0  90 


tk  ■  iyHm  + 


STssin** , 


If  we  let 


m  mi  «*»a, 


//» sin  ¥» 


By  integrating,  we  obtain  the  solution 

n*«.v 

.-ItF-*'  *■ 

Because  *  k  small,  the  precession  angle  is  given  by 
0  -  |m|  »  |m«|. 

The  final  precession  angle  is  given,  therefore,  by 


Fig.  ft.  Ratioftof  0,  tofcMafanctioaof/t.Thkcurwkvalidoely 

hr«dk 


Fig-7.  Ratio  ft  of  0,  to  tf«aa  a  function  of  0.Thk  curve  k  valid  ooty 
for  small  tf*. 

it  depends  on  only  one  parameter,  0.  Ratio  A  was  evaluated 
numerically  and  has  been  plotted  in  Figs.  6  and  7  as  a 
function  of  0. 

Nonlinear  Pulse  Shapes 

It  is  also  possible  to  derive  a  simple  formula  for  the 
final  precession  angle  which  holds  for  both  linear  and 
nonlinear  pulses  when  the  pube-rke  rate  k  slow. 

If  we  assume  that  the  pulse  rises  slowly  enough  to  keep 
*  small,  then  il,  can  be  set  to  one.  By  using  the  variable . 
m  of  (13),  we  obtain  from  (4)— <6)  the  lation 


We  now  make  an  asymptotic  expansion  of  (25)  in 
inverse  powers  of  Ht  by  partial  integration.  The  first 
integration  by  parts  yields  the  relation 

e<  - 1^‘  *- + X'  1 *’H  <*> 

where  ft#  k  the  value  of  ft,  at  f  **  0.  If  the  pulse-rise 
rate  k  alow,  it  seems  plausible  that  the  integral  in  this 
expression  can  be  neglected.  This  premise  is  consistent 
with  the  results  of  a  number  of  digital  computer  runs. 
We  obtain,  therefore,  the  expression 


for  the  final  precession  angle.  This  expression  bolds  for 
slowly  rising  linear  and  nonlinear  pulse  shapes.  One 
should  note  that  for  small  V,  tins  result  is  identical  to 
the  asymptotic  form  of  (20)  for  large  0.  In  terms  of  a>m- 
puter  studies  made  in  connection  with  this  work,  the 
condition  of  slow  pulse-rise  rate  corresponds  to  the 
condition 


For  example,  when  0  is  10,  accuracies  of  the  order  of  one 
to  two  percent  are  obtained  in  0i.  It  should  be  noted, 
however,  that  the  transition  from  (26)  to  (27)  is  not 
justified  if  8+  is  sufficiently  small. 

The  reason  why  the  initial  portion  of  the  pulse  is  so 
important  in  determining  the  final  precession  angle  stems 
from  the  fact  that  4  approaches  sero,  provided  H,  is 
bounded,  as  H,  grows  huge.  This  k  most  easily  seen  by 
examining  the  equation  obtained  from  (8)  by  differentiat¬ 
ing  with  respect  to  i  Referring  to  (4)-(6),  it  k  clear  then 
that  changes  in  H,  change  only  the  magnitude  of  H,  thus 
raking  the  precession  frequency  without  changing  the 
precession  angle. 

■WHUBf 

nvwwiTn  • 

By  using  the  results  of  this  paper  it  should  be  possible 
to  determine  the  precession  angle  set  up  by  pulsed  mag¬ 
netic  fields  undo1  a  variety  of  conditions,  figures  4  and  5 
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APPENDIX  B 


TRANSIENT  SPIN  WAVE  BUILDUP  IN  FERRITES* 

by 

K.  J.  Harker  and  H.  J.  Shaw 

Stanford  University 
Stanford,  California 

ABSTRACT 

The  equations  of  motion  for  spin  waves  in  a  ferrite,  together  with 
the  equations  for  the  uniform  mode,  have  been  numerically  integrated  for 
the  case  in  which  the  ferrite  is  subjected  to  an  applied  magnetic  field 
which  rises  linearly  in  time.  The  equations  for  the  uniform  mode  are 
completely  general  and  allow  for  arbitrary  amplitude  of  the  mode,  so 
that  parametric  couplings  which  lead  to  spin  wave  instabilities  of 
various  orders  are  accounted  for,  including  the  ordinary  first-order 
and  second-order  spin  wave  instabilities.  The  spin  wave  equations  are 
solved  to  first  order  in  the  spin  wave  amplitudes. 

The  equations  have  been  solved  under  the  conditions  of  a  linearly 
rising  magnetic  field  having  arbitrary  rate  of  rise,  together  with  a  dc 
applied  magnetic  field  of  arbitrary  magnitude,  and  for  arbitrary  angle  • 
between  the  orientations  of  the  rising  and  dc  fields.  Assuming  that 
spin  waves  are  initially  excited  to  thermal  amplitudes,  a  numerical  inte¬ 
gration  is  performed  over  k-space  to  find  the  aggregate  spin  wave  growth 

- X - 

The  work  reported  in  this  paper  was  supported  by  the  United  States 
Amy  Electronics  Command,  Fort  Monmouth,  New  Jersey,  under  Contract 
DA  28-043  AMC-00 397(E). 
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as  a  function  of  time,  and  the  energy  in  the  uniform  mode  as  a  function 
of  time  in  the  presence  of  the  amplified  spin  waves.  These  results  de¬ 
fine  the  conditions  under  which  useful  transient  devices  can  be  operated 
for  the  generation  of  microwave  .energy  in  pulsed  magnetic  fields,  to 
take  advantage  of  the  large  rf  magnetization  available  in  ferrites  when 
operated  beyond  the  usual  limiting  values  of  the  urlform  mode  which 
apply  under  steady-state  operation. 


INTRODUCTION 


* 


1  2 

It  has  been  shown  *  that  a  small  ferrite  sample  subjected  to  a 

suitable  pulsed  magnetic  field  can  constitute  a  coherent  oscillator  for 

the  generation  of  microwave  energy.  Theoretical  considerations  involved 

in  this  device  have  been  studied  by  several  authors,-3  and  also  some 

studies  of  another,  but  closely  related,  pulsed  ferrite  device  are 

7-9 

relevant  to  some  aspects  of  the  present  device. 

The  basic  process  involved  is  the  establishment  of  an  angle  0 

between  the  total  applied  magnetic  field  and  the  magnetization  in  the 

ferrite,  by  applying  a  pulsed  magnetic  field  at  a  geometrical  angle 

to  the  initial  direction  of  the  magnetization,  the  latter  being  determined 

by  a  dc  bias  field.  The  final  precession  angle  3  ,  for  the  uniform 

mode,  which  results  when  spin  wave  amplification  is  ignored,  has  been 

investigated  theoretically  over  a  broad  range  of  physical  parameters.^ 

An  important  practical  li  itation  on  the  operation  of  such  devices 

results  from  the  intrinsic  parametric  pumping  of  spin  waves,  by  which 

energy  is  drawn  from  the  uniform  mode  into  spin  waves  where  it  is  no 

longer  available  for  radiative  extraction.  In  steady  state  problems, 

spin  wave  phenomena  of  this  kind  have  been  widely  studied  and  are  well 

known. ^  ^  A  study  of  the  mechanisms  of  spin  wave  growth  under  the 

13 

present  transient  circumstances  was  reported  recently,  J  but  this  study 
did  not  take  into  account  analytically  the  back  reaction  of  the  spin 
waves  on  the  uniform  mode. 
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This  paper  presents  a  theory  and  calculations  which  specify  quanti¬ 
tatively  the  limitations  imposed  by  spin-wave  growth  on  the  energy 
available  for  radiative  extraction  from  spherical,  isotropic  samples 
subjected  to  linearly  rising  pulses  of  magnetic  field.  The  equations 
of  motion  for  the  uniform  mode  and  the  equations  of  motion  for  spin- 
wave  modes  for  all  regions  of  k- space  which  undergo  pumping  sire  inte¬ 
grated  numerically,  assuming  initial  spin-wave  excitation  at  the  level 
corresponding  to  thermal  equilibrium.  No  restrictions  are  imposed  on 
the  values  of  the  dc  bias  field,  the  pulsing  angle,  mode  amplitude ,  or 
the  rate  of  rise  of  the  pulsed  field.  All  terms  are  retained  in  the 
equations  for  the  uniform  mode.  In  the  spin-wave  equations,  terms  to 
first  order  in  the  spin-wave  amplitudes  are  retained.  The  integration 
of  the  uniform  mode  equations  requires  a  repeated  integration  over  that 
region  of  k-space  in  which  spin  waves  are  being  pumped.  Another  inte¬ 
gration  over  k-space  at  each  time  step  gives  the  spin-wave  energy  as 
a  function  of  time. 

The  paper  concludes  with  a  discussion  of  the  asymptotic  spin-wave 
growth  rates  and  an  investigation  of  the  region  in  k-space  over  which 
pumping  would  be  expected  to  occur. 


I 


CALCULATION  OF  THE  PATH  OF  THE  SPIN  WAVE  AND  UNIFORM  MODE  MAGNETIZATION 


Because  of  the  unwieldy  nature  of  the  equations  to  be  dealt  with, 
tensor  notation  will  be  used  throughout.  In  particular,  and  5^^ 

will  represent  the  Kroniker  delta  symbol  and  Levi-Civita  tensor  density, 
respectively.  Vector  quantities  and  components  are  referred  to  with  an 
upper  bar  and  subscript,  respectively;  for  example,  H  and  . 

Referring  to  the  fixed  coordinate  system  shown  in  Fig.  1,  the  sample  is 
assumed  to  be  initially  magnetized  to  saturation  by  a  constant  field 
with  components 


=  H°  sin  V0 

=  0  (1) 

=  H°  cos  i|rQ  , 

where  is  the  magnitude  of  the  saturation  field. 

A  linear  pulse  of  magnetic  field,  H^  is  then  assumed  to  be  applied 
along  the  x~-axis.  It  is  convenient  to  introduce  the  moving  coordinate 
system  also  shown  in  Fig.  1.  The  x^-axis  of  this  system  is  chosen  to 
coincide  with  the  total  applied  magnetic  field,  H  =  H°  +  ,  and  the 

x^-axis  with  the  fixed  systems  Xg-axis.  The  angle  \|r  lies  between  the 
Xj  and  x^-axes,  and  is  chosen  to  be  the  value  of  ♦  at  the  initia¬ 

tion  of  the  pulse.  In  this  coordinate  system  the  magnetization  obeys  the 
equation  of  motion  given  by 


dM 
_ | 

dt 


-6  M  (7^  -  5? 
npq  pw  q  2q  dt' 


,  (2) 


-  Sh  - 
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it  is  convenient  at  this  point  to  introduce  a  change  of  variables. 


We  define 

H°  cos  \jr  +  HP 


T  = 

ctn  ijr 

U 

‘HP  sin  ijr 

0 

(7) 

7(H°)2 

P 

fi 

(8) 

dt 

k 

=  sin  0^  cos  0k 

(9) 

<6 

^2 

k 

=  sin  0^  sin  0k 

(10) 

*> 

=  h. 

k 

=  COS  0k  , 

(11) 

where  HP  is  the  magnitude  of 

HP  .  In  terms  of 

the  new  variable  t 

we  note  that 

H 

n  P  1/2 

=  H  sin  *  (1  +  t  ) 

0 

(12) 

dT 

dt 

7H° 

P  sin 

(13) 

dt 

dT 

1 

=  -  - - ? 

1  +  T 

(1M 
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The  calculations  in  this  paper  will  he  based  on  the  assumption  that 
the  spin  waves  are  initially  in  thermal  equilibrium.  Statistically,  one 
can  obtain  no  information  from  studying  the  components  of  ,  since 

they  average  to  zero.  The  quantities  that  must  be  considered  are  the 
quadratic  terms  in  ct^  .  Accordingly,  we  define  the  tensor 


€. 

rann 


3KT 


(IT) 


where  K  is  Boltzmann’s  constant,  V  is  the  periodic  volume,  and  T 
is  the  temperature  in  degrees  Kelvin,  -raking  the  ensemble  average  of 
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Eq.  (15)  and  then  substituting  Eq.  (17)  gives 


o  2  1/2  .  3KT  r* 

6  sin'  ur  (l  +  t  )  5  5,  a  +  3  sin  r  -  '5  l  l  e, 

P  V  )  o  p  " o  ^,0  ...  npq  q  r  kpr 

**> 

&  a 

BE2L . ?-P.-2Qc  f  (18) 

1  +  T 


wnere  a  is  now  understood  to  henceforth  represent  the  ensemble -average. 

In  order  to  obtain  equations  for  the  €.  R  >  we  multiply  Eq.  (l 6)  by 
* 

a,  .  We  then  permute  m  and  n  ,  take  the  complex  conjugate,  and 
ion 

add  the  original  and  permuted  equations,  obtaining  an  expression  for 
d/di  (a^a^)  .  Taking  the  real  part  of  the  ensemble  average  then  gives 


=  (b  €,  +5  e,  ) 

npq  kpm  mpq  kpn/ 


[4«M/3  -  Dk2 
3  sin  *0  - - - ac 


-  3  sin  *o(l  +  t  )  &3q 


+  3  sin  h  - a  t  l  (&  €,  +  &  e,  )  + 

o  Ho  op  q  r  npq  krm  mpq  krn- 


_ €,+6 _ 


1  * 


Since  e.  is  symmetric,  this  represents  six  equations  for  each  value 
Kmn 

of  k 

In  order  tc  bring  Eq.  (l8)  into  final  form,  it  will  be  necessary 
to  replace  the  £’;amation  over  k  by  a  suitable  approximating  integral. 
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If  we  define  c  and  X  by  the  relations 


k 

(4nM/3D;^2 


(20) 


KT^jtM^)1/2 
£  =  H°  D^/2  n2 


(21) 


then  it  can  be  shown  that 


MV£H° 
3K  T 


1  2n  n/2 

f  c2dc  f  d0k  /  sin  dOk 
0  0  0 


(22) 


In  deriving  this  relation  we  have  used  the  fact  that  the  integrand  is 
identical  for  k  and  -k  .  The  limits  on  c  are  chosen  to  include 
only  that  portion  of  the  spin  wave  manifold  which  is  pumped,  as  will  be 
shown  in  the  last  section  of  this  paper.  By  substituting  into  Eq.  (l8) 
we  have 


da  0  0  1/2 

-a  -  f>„i»  t0(l  +  T)  6npq  63P  aoq 


+  Bx  sin 


J 


1  2 n  n/2 


a__  5. 


0  0  0 


c2dc  d0,  sin  9,  d9.  6  -t jt  e, - ^121 — 2^  •  ;- 

Hs  k  k  npq  q  r  Ttpr  1  +  t2 

(23) 


In  order  to  integrate  Eqs.  (19)  end  (23),  the  initial  conditions  must 
be  obtained.  Since  the  only  spin  waves  which  will  be  pumped  are  of  long 
wavelength,  classical  statistics  will  suffice.  The  first  step  is  to  obtain 
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an  expression  for  the  energy  by  classical  methods.  This  is  done  by 
calculating  the  energy  retrieved  from  the  system  by  forcing  the  spins 
back  into  the  positions  they  would  occupy  at  absolute  zero.  To  estab¬ 
lish  the  energy  of  a  given  state,  one  must  evaluate  the  integral 


E 


-//<  “n  dV  ' 


w 


where  the  lower  limit  corresponds  to  the  configuration  where  all  spins 
are  parallel  to  the  applied  magnetic  field,  and  the  upper  limit  cor¬ 
responds  to  the  configuration  associated  with  the  given  state.  Here 
Hn  is  given  by  Eq.  (4)  and  dMR  is  given  by  the  differential  of  Eq.  (3) 


M(dOC 


on 


da. 


kn 


ik  x 
e  rr) 


(25) 


5? 


By  substituting  into  Eq.  (24)  and  integrating  we  obtain 


E  «  VM 


(■ 


^o3  + 


4aM 

■ —  da  a  )  +  ) 

/  ^  or  or7 

u  TtyO 


kr1 


«ti 

tW) 


(26) 


where  A  signifies  difference  between  the  final  and  initial  values. 
We  find  that 
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and 


Mot  a  )  *  a  a  -  1  «  -  )  a.  a.  ,  (28) 

H  or  or'  or  or  /  ,  kr  1st  ’ 

kfO 

where  0  is  the  angle  between  Ct0  and  H  .  Ey  substituting  into 
Eq.  (26)  and  simplifying  we  obtain 

E  -  *W  +  »S»  '  (29) 

where 

=  MVH(1  -  cos  0)(aor  aor)l/2  (30) 

is  the  energy  in  the  uniform  mode  and 


is  the  energy  of  the  spin  waves.  Taking  the  ensemble  average  of  Eq.  (3l) 
and  substituting  Eqs.  (17)  and  (22)  reduces  the  equation  for  E^  to  the 
form 
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where 


H  =  (1  +  t  )  (sin  *Q)  IP 


Since  the  summand  in  Eq.  (31)  is  independent  of  the  sign  of  k  ,  the 
total  energy  associated  with  the  k  and  -k  spin  waves  is  given  by 


-  ♦»k2)vaL  +  l,"Ml'fr  “k/]  •  <34> 


At  thermal  equilibrium  a^  is  taken  as  zero.  Letting  subscripts  r 
and  i  stand  for  real  and  imaginary  parts,  respectively,  we  can  write 
this  equation  as 


Ek  =  MV 


((H  '  T1  +  Dk2)  (“kl,r  +  “k2,r)+  '*nM(Vkl,r  +  V‘k2,r>‘ 


(H  -  ¥ + Dkj  (“4,i +  4,i ) +  Vi +  ^  v,/} 


Note  that  r  and  i  are  not  running  symbols.  The  mean-squared  values 
2  2 

of  ak1  ,  0^2  :  etc.,  are  then  calculated  according  to  the  formulae 


^akm,r  Gkn,r ^ 


SI  a.  a,  e 
km.r  kn.r 


-E,/kT 


da.  da, 

km.r  k 


rr 

JJ  e  da, 


km,r  d  akn,r 
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Note  here  again  that  ra  and  n  are  not  running  symbols  in  this  equation. 
By  evaluating  these  integrals  we  obtain  the  relations 


ft  ****** 


0 


(46) 


ek23 
ck3l  55  0 


(47) 


where 

*  ■  <l£  - 1 +  - 1  +  =2  ♦  3  sin\>  •  <u8> 

Equations  (19)  and  (23)  were  integrated  simultaneously  by  the 
Kutta-Runge  numerical  method  for  discrete  set  of  k  values  covering 
the  region  of  growing  waves  described  by  the  limits  of  the  integral  in 
Eq.  (22).  The  initial  conditions  for  these  equations  are  given  by 
Eq.  (42)  -  (47)  with  H°  =  4nM/3  •  The  uniform  mode  was  given  an 
initial  amplitude  of 


ao3  =  aR  “  O.761  '  (49) 

14 

corresponding  to  1’IG  at  room  temperature.  .  The  other  numerical  constant 
chosen  were  D  =  4.4  x  10  Oe-cra  ,  T  =  293  K  ,  K  -  1.38  x  10 
erg/deg,  and  7  =  1? . 6  (nsec-koe)"1  .  The  value  of  D  was  taken  from 
Schlomann. At  each  point  in  the  Runge-Kutta  integration  of  Eq.  (23) 
where  the  derivatives  of  the  dependent  variable  are  evaluated  the 
integral  appearing  in  the  equation  was  evaluated  by  Simpson's  rule  using 
the  discrete  set  of  k  values  as  mesh  points.  The  spin  wave  energy  was 
evaluated  with  Eq.  (3l)  by  Simpson's  rule  in  the  same  manner  as  the 
integral  in  Eq.  (23). 

The  end  result  of  these  calculations  is  the  variation  of  ,  elo|m 

.  and  E_,  as  a  function  of  time.  In  all,  six  different  cases, 

7  sw 
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were  studied .  Two 


corresponding  to  six  pairs  of  values  of  £  and  f  , 
of  these  cases  are  plotted  in  Figs.  2  and  3,  where  CtR  =  (&0T  CtQr  )/ctR  , 
©  ,  E^/MVH  }  and  Eg^/MVH  are  plotted  as  a  function  of  normalized 
time: 

7HQt  =  P  sin  t0(T  -  ctml^)  -  (50 ) 


An  important  quantity  related  to  the  use  of  pulsed  ferrites  as  a 
microwave  energy  source  is  the  amount  of  energy  available  for  radiative 
extraction.  The  ratio 


R 


(l  -  cos  ©){a  a  )1/2 
_ _ or  or ' 

(l  -  cos  9f)  aR 


(51) 


representing  the  ratio  of  the  energy  in  the  uniform  mode  to  the  energy 

in  the  uniform  mode  without  spin  waves  was  chosen  as  a  measure  of  this. 

The  ultimate  precession  angle  ©^  attained  by  the  uniform  mode  without 

5 

spin  waves  has  been  calculated  in  a  previous  report.  Values  of  ©^ 
from  the  report  are  presented  in  Table  I  for  the  six  cases  studied. 

Also  presented  in  the  table  are  the  values  of  E^/MVH  corresponding 
to  a  10/t>  degradation  in  the  uniform  mode  energy  (R  =*  0.9)  as  calculated 
from  the  formula 

E^/MVH  =  R0Cr(1  -  cos  9t)  .  (52) 

In  the  last  row  of  the  table  are  given  the  normalized  times,  7HQt  , 
corresponding  to  the  lo£  degradation  of  the  uniform  mode  energy  as  read 
off  from  curves  for  the  six  cases  of  which  Figs.  2  and  3  are  examples. 
These  resu.lts  are  further  summarized  in  Fig.  where  the  final  precession 
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*X. 


angle  ©^  ,  is  plotted  versus  the  normalized  time,  7HQt  ,  corresponding 
to  R  =  0*9  •  One  will  note  that  the  normalized  time  for  R  to  attain 

a  particular  value  is  dependent  primarily  on  ©£  ,  and  not  on  the 
particular  combination  of  6  and  required  to  give  ©^  . 

TABLE  I 

NORMALIZED  TIME  FOR  10f>  DEGRADATION  OF  UNIFORM  CODE 


♦ 0 

90° 

90° 

M 

□ 

50° 

0 

tf\ 

-4- 

0 

.4 

.6 

.8 

.6 

.4 

.8 

58.9. 

52.7 

47.6 

38.5 

29.8 

21.2 

0-9(1  -  COS  ©£)  Op 

.331 

.270 

.223 

.1485 

.0903 

.0465 

7Hot 

5.14 

5.82 

6.5 

8.23 

11.0 

16.5 

We  msy  obtain  a  useful  relation  from  Eq.  (3).  Taking  the  dot 
product  of  this  equation  by  itself  gives  a  spatial  Fourier  series,  the 
constant  term  of  which  yields  the  well  known  relation 


a  a 

or  or 


l  -  )  a,  a. 

'  kn  kr 


(53) 


Introduction  of  normalized  variables  then  leads  to  the  equation 


1  2jt  n/2 


a  a 

or  or 


1.I2£ 
3  EflM 


c2dc  d£s  sin  9k  dekVEkrr  . 


0  0  0 


(54) 
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This  equation  was  used  as  a  second  means  for  calculating  (a  a  )' 

'or  or 

and  thus  also  as  a  consistency  check  on  the  numerical  results  obtained 
from  integrating  Eqs.  (19)  and  (23). 


ASYMPTOTIC  SPIN  HAVE  GROWTH 


Hi.  d  pulse  of  magnetic  field  has  been  applied  long  enough  for 
the  initial  transient  to  die  out,  but  not  long  enough  for  the  uniform 
mode  to  have  been  seriously  degraded,  the  spin  wave  growth  rate 
approaches  an  exponential  value  which  is  readily  calculable.  The 
analytical  results  obtained  here  are  particularly  useful  in  evaluating 
the  range  in  k-space  in  which  pumping  occurs .  It  will  also  '  o  seen  that 
the  domain  of  growth  is  radically  different  for  large  and  small  preces¬ 
sion  angles.  Our  starting  point  is  Eqs.  (5)  and  (6)  without  the  back- 

* 

reaction  terms  in  and  without  the  term  in  ^ 

da 


on 


dt 


-76  a  6  -  H 
npq  op  q3 


(55) 


da 


kn 

dt 


=  7 


AaM 

6  a,  ( —  a 
npq  kpl  o 


H5 


3q 


Dk 


Oq  I 


-*•  &  a  k  k  a, 

2  npq  op  q  r  kr 


(56) 


From  these  simplified  equations  we  can  show  that  a^  =  0 
Z  /  0  ,  or 


a. 


k3 


<“01  “kl 


a,  , 

02  kd 


)/«, 


03 


, • or  for 


(57) 
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T  ...  1*_  i-U.  J  _i»J >  ^  J  . 

i-ic  u  ud  unnc  wiic  uci  xnj.uj.oiib 


and 


a0 

"  %  *  1  a02 

(53) 

ak 

’  “kl  +  1  V 

(59) 

t 

=  tjtltj 

(6o) 

P  = 

■*3  a0  *  °03  ^ 

(61) 

We  then  obtain 


<“k  f  /kM  2\  kM  *  . 

—  -  1?K  +  (y  -  Dk  )<aoak3  -  °0 fk>  -  —  lo03^  +  4  “k 


-  *3<ao  ak  +  “o  “k)]  (t3  ao  -  a03 
By  substituting  Eq.  (57)  and  simplifying  we  obtain 


(62) 


Jr 

— -  =  i7<  H  + 

dt  |L 


4«M|p|2  (4aM/3-Dk2) 


2a 


03 


2a 


-(l  + 


03 


2  ;i 

M  “k  +La»  , 

03 


r^nMp2  4nM/3-Dk2 


2a 


05 

(63) 


Using  Eq.  (6l),  we  see  that 


>£  ■  ^3“o-2tt3“oa03  +  a03t2 


I  =  ^3  a0T  +  ao3  "  ao3^3^0  +  ^  a0}  ’ 


*  fl* 


—  -• 


where 


aOT  =  ianl  >  °Vn  =  K\  >  and  4  =  I'M 


kT 


(65) 


It  is  clear  from  Eq.  (55)  that  the  solution  for  can  he  written  as 


•hnt 

°0  =  aOT  6  ' 


(66) 


where  a*  =  y¥.  ,  provided  the  time  origin  is  properly  chosen.  If  we 
write  a,  as  <2  eltt  ,  then  it  is  clear  that  most  terms  will  vary 


as  eicut  ,  corresponding  to  second-order  pumping.  Terms  in  other  time 
variations  than  e*UJt  will  also  be  present  which  correspond  to  first- 
order  pumping  and  small  frequency  shifts,  but  more  detailed  analysis 
shows  that  they  play  a  negligible  role.  Retaining  only  terms  in  e  , 
we  obtain  from  Eq.  (63)  the  relation 


da 


dt 


k  A  A* 

"  "  ^k  +  itQk 


(67) 


where 


a  = 


2a 


03  L 


km(l*  a%,  +  a2Q3  l2)  -  (1  +  a2^  -  Dkj 


(68) 


y 

b  =  - [4nMt2  -  (4«m/3  -  Dk2)]  a^. 


2a 


03 


m 


Asymptotically,  as  t  becomes  largo,  and  becomes  constant. 

Equations  (68)  and  (69)  show  that  this  also  applies  to  a  and  b 

a 

Consequently,  we  can  set  equal  to  a  real  constant  multiplied  by 
Kt  +  i0  ...  . 

e  r  .  Substituting  this  into  Eq.  (o7)>  we  obtain  the  relations 

k2  +  a2  =  b2  (70) 


and 

cos  20  =  -  |  .  (71) 


Substituting  Eqs.  (68)  and  (69),  we  have  the  equations  for  k  and  0 


2  km/3 


L  J 

It  is  convenient  to  also  write  the  growth  rate  with  respect  to  the 
variable  t  ,  which  is  given  by  the  expression 


Substituting  Eqs.  (13)  and  (72)  yields  the  relation 


1/2 


-  100  - 


From  Eq.  (57),  it  also  follows  that,  for  large  t  ,  Of  -  and  a  are 

lO  it* 

related  through  the  relation 


a. 


k3 


a, 


kT 


Dk2 

(1  -  — ) - 

2  4jjM/3 


,  3%  Dk2 

2(1  -  -1)  +  - 

2  i-n M/3 


1/2 


(75) 


When  Eq.  (72)  is  maximized  with  respect  to  Dk  ,  one  obtains  the 
condition 


(Dk2) 


4«m 


& 


4)  ■ 


max 


(76) 


2  2  2 

for  maximum  growth  for  fixed  .  Since  and  sore  both  less 

than  unity,  we  immediately  verify  from  the  equation  our  earlier  assertion 

l/2 

that  c  =  k/(4itM/3D)  '  also  has  a  maximum  value  of  unity.  Substitution 
back  into  Eq.  (72)  shows  that  the  corresponding  value  of  k  is  given  by 


K  =  2jtM70f 

max  OT 


(77) 


It  is  important  to  note  that  Eqs.  (73)  -  (75)  take  the  simple  forms 


<j>  *  45° 

W  *  “m./V'5’  . 


OT' 


(78) 

(79) 


when  is  small  and  the  maximum  growth  condition  given  by  Eq.  (76) 

pertains . 
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Referring  to  Eq.  (72),  it  is  clear  that  pumping  only  occurs  when 
the  expression  within  the  square  root  is  positive.  Subject  to  the  con¬ 
dition  that  0  <  0^  <  1  and  0  <  ^  <  1  ,  and  Dk2  >  0  ,  it  can  be 
seen  that  one  passes  into  the  pumping  region  whenever  one  traverses  the 
curves , 


(6c) 


and 

3Dk2  ,  Q  0 

-  =  (1  -  |  -Cg)(l  -  3a2  )  .  (81) 

4*M  2  T  OT 

2 

Three  possible  cases  arise,  depending  on  whether  0  <  aQT<  l/3  , 

2  2 

1/3  <  <  2/3  ,  or  2/3  <  <  1  .  These  cases  have  been  sketched 

in  Fig.  5. 

The  spin  wave  equations  of  motion  were  solved  numerically  for  a 

number  of  different  values  of  k  .  This  was  done  b y  integrating 

Eq.  (15)  numerically  without  the  spin  wave  back  reaction  term  (i.e., 

without  the  E  term)  simultaneously  with  Eq.  (16).  The  results  for 
k 

a  particular  value  of  k  are  given  in  Figs.  6-8,  where  > 

f>  ,  and  akT  are  plotted  versus  t  with  Hq  =  4«m/3  •  The  sub¬ 

scripts  1  and  2  refer  to  solutions  whose  spin  wave  magnetization  vector 
is  initially  oriented  in  the  x^  and  x£  directions,  respectively. 

The  asymptotic  values  assume'  by  these  solutions  were  compared  with  the 
results  calculated  from  the  equations  of  this  section.  The  results  are 
compared  in  Table  II  and,  as  can  be  seen,  are  in  close  agreement. 

Similar  comparisons  for  other  spin  wave  parameters  showed  like  agreement. 


TABLE  II 


COMPARISON  OF  NUMERICAL  INTEGRATION  WITH  ASYMPTOTIC  FORMUIA 
FOR  P  =  0.8,  <ro  =  50°,  ©k  =  10°,  0£o3/aOT  =  2.27, 

3Dk2/4nM  =  .5625,  AND  4*m/3  =  H° 


Quantity 

Numerical  Integration 

Asymptotic  Formula 

Figure  No. 

Result 

— 

Formula  No. 

Result 

W 

6 

•  397 

75 

0.397 

7 

25°  36 « 

73 

25°  41* 

K- 

T 

8 

0.104 

74 

0.102 

FIGURE  CAPTIONS 


Figure  1 
Figure  2 

Figure  3 

Figure  4 

# 

m 

<  figure  5 
Figure  6 


Figure  7 


Figure  8 


Coordinate  system. 

Variation  with  normalized  time  of  spin  wave  energy  and 

uniform  mode  amplitude,  precession  angle,  and  energy 

for  P  =  0.6  and  +  =  90°  . 

o 

Variation  with  normalized  time  of  spin  wave  energy  and 
uniform  mode  amplitude,  precession  angle,  and  energy 
for  p  =  0.8  and  =  45°  . 

Variation  of  final  precession  angle  with  normalized 
time  for  10$  degradation  of  the  uniform  mode  energy. 
Regions  of  spin  wave  growth. 

Variation  of  a^/0^  with  r  for  P  =  0.8,  iQ  =  50°, 

0k  =  10°,  3Dk2/4jtM  =  .5625,  and  Hq  =*  4jtM/3  . 

Subscripts  1  and  2  denote  initial  orientation  of  spin 
wave  vector  in  x1  and  x^  directions,  respectively. 
Variation  of  0  with  t  for  p  =  0.8,  =  50°, 

».  =  10°,  3Dk2/4«M  =  O.5625,  and  H  =  4jtM/3  .  Sub- 
scripts  1  and  2  denote  initial  orientation  of  spin  wave 
vector  in  x^  and  x2  directions,  respectively. 

Variation  of  a^,  with  r  for  p  =  0.8,  =  50°, 

0.  =  10°,  3Dk2/4«M  =  0.5625,  and  4«m/3  =  H  .  Subscripts 
1  and  2  denote  initial  orientation  of  the  spin  wave  vector 
in  and  x.g  directions,  respectively. 
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APPENDIX  C 


COUPLED  CIRCUIT  ANALYSIS 

The  purpose  of  these  calculations  is  to  study  a  pair  of  coupled 
resonant  circuits  where  the  frequency  of  one  circuit  is  swept  linearly 
with  time  through  the  resonance  of  the  other.  The  point  of  interest  is 
the  amount  of  energy  transferred  from  the  swept  tc  the  unsvept  circuit. 

Figure  1  shows  the  circuit  used.  Here,  L^  end  C^  are  time- 
dependent  quantities.  Thus,  care  must  be  taken  to  calculate  the  proper 
time  derivatives  of  terms  involving  these  quantities.  When  L  and  C 
are  time  dependent,  the  voltages  across  the  elements  are 


<1 

> 

£  Li 

(!) 

It 

>u 

5  /  4t 

• 

(2) 

Keeping  this  in  mind,  and  applying  Kirchoff's  laws,  one  can  derive  the 

following  equations; 

di  1  n 

-(^v  *  0 

ax 

(3) 

—  (L  (t)i  ) 
dt  A  x 

1 

JV 

w 

Cx(t) 

felV*)  il>  -  Rl13  (5) 

i2  =  ix  +  i3  +  •  (6) 


-  115  - 


’tr 


FIG.  1--Schematic  of 


The  change  of  variables 


Z  = 


Lx(t) 


il  '  A1 


u10 


10 


Lx(t) 


(7) 


simplifies  the  equations  considerably.  We  have 


dip  1  p  dZ 

L2  ~  +  ~  /  V*  +  Vs  +  L10  “  "  0 

dt  C„  J  dt 


(6) 


dZ 


— / 
c1(t)J 


i4dt 


(9) 


L  ^  -  Ri 

L10  dt  ~  Rli3 


(10) 


We  next  define  the  following  normalizing  parameters: 


‘  “l 


■T&P 2 


-  0^  ,  cc£t  = 


(11) 


We  then  find: 


dx  J 


„-l  .  .  Lio  12 


i2dT  +  Q2  is+  =  °  »  V - 

Lg  dT 


-1  R2 


<^l2 


,  (12) 


c_i_  “  .  hJ\  f 
cio  dT  W  / 


i^dr 


(13) 


dZ  L  cn.  R 

—  =  —  —  V3  ’  ^  =  ~ 

dx  L1q  <n2  * 


(14) 
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Changing  to  the  symbolization 


and  taking  derivatives: 


i2  +  ^i2  +  i2+f  Z"  -  0 

L2 


(15) 


Since 


i 


4 


(1&) 


Z" 


0 


(19) 


Since 


(20) 


we  have 


> 


n 


5, 


+  —  Q1  Z 


C_io  Hot  .  0 
C1  \  v 


(21) 


It 

*2 


.-1  .  . 

+Q2  x2+i2 


0 


(22) 
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These  are  the  equations  describing  the  system,  with  arbitrary  time- 
dependent  parameters  and 

We  now  use  the  following  restrictions: 


These  lead  to: 


K(a  f  br)  (25) 


a  +  bT 

-  (26) 

a 


b 

-  (27) 

a  +  bT 


K 


a  +  bT 


(28) 


(29) 
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Equations  (21)  and  (22)  then  become 


Z"  4  (a  +  b-r)  Q! 


i1  -  -M  *• 

a  +  dt  / 


+  (a  +  bT)  Z  -  a(a  4-  b-r)^  =  0 


(30) 


^  +  l2  +  S2  +  f  Z"  =  0 


(31) 


where 


10 


( a  4-  bT1 


1  Lx(t) 


Z  = 


(32i) 


The  energies  in  the  two  resonators  are  found  to  be 

2 


=  -  (— -  4-  (a  +  br)  Z2) 

U1Q  a  \a  +  bT  / 

K  \  a  / 


(33) 


(34) 


The  equations  were  programmed  as  four  first-order  equations,  where: 


Xx  =  Z  ,  X2  =  Z'  ,  X  =  i2  ,  X4  =  ig 


(35) 


X1  -  X2 


X.  = 

c. 


-[(a  4-  bx)  Q^1  -  X2  -  (a  +  b tf  Xx  4-  a(a  4-  br) 


(36) 


X3  “  X4 
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and 


=  -  Q^1  X4  -  X3  -  2  X2  .  (37) 

Computer  runs  were  made  of  several  of  the  quantities  involved  in 
Fig.  1.  These  quantities  were  plotted  by  the  computer  as  a  function  of 
the  normalized  time  parameter  r  .  The  quantities  i^  ,  ±2  ,  instan¬ 
taneous  power  delivered  to  the  resistance  R2  ,  and  cumulative  energy 
delivered  to  the  resistance  R2  ,  we  calculated,  in  addition  to  the 
total  energies  in  the  two  circuits,  as  a  function  of  time.  Thirty-one 
cases  were  run  using  various  combinations  of  the  parameters  A  ,  B  , 
r  ,  and  Q2  . 

In  Section  II. A  of  the  main  body  of  this  report,  the  energy  distri¬ 
bution  in  the  two  circuits  is  shown  for  one  special  case  which  is  of 
inlerest.  In  Figs.  2  through  5  below  we  show  the  plots  of  the  remaining 
qu  inti ties  for  this  same  special  case.  Again,  the  parameter  values  for 
this  case  are  A  =  0.1  ,  B  =  1/20k  ,  r  =  0.004,  =  1,000  ,  and 

Qg  =  50 
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-Current  as  a  function  of  normalized  time 
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FIG.  ^-Instantaneous  power  delivered  to  resistance  as  a  i'u^ction 

of  normalized  tine  t 


f 


000*21  000*01  000*9  000*9  000*ft  000*2 

1-01  *  d 


124 


2.L30  ¥.000  6.000  8.iJ00  10.000  12.000  14.000  16.000 


UNCLASSIFIED 


OMBifi 


1.  ORfSINATINC  - T— -T - - 

Stanford  University 

2a.  REPORT  ItMNTT  C  IMMRCATNN 

UNCLASSIFIED 

Stanford,  California 

at  ERROR 

N/A 

3.  REPORT  TITLE 

PULSED  FERRITE  X-BAND  GENERATOR 

«.  OCSCRIRTIVC  NOTES  *  ARRNl NNwlN  SMM> 

Final  Report 

5  AUTHORfSJ  (L—t  mm. 


Snaw  H.  J. 


C.  REPORT  RATE 

March  1967 


K.  CONTRACT  OR  OR  ANT  NO. 

DA  28-OU3  AIC-00397(E) 

b.  PROJECT  no. 

1GO-22001-A-055-05 


7a  TOTAL  MO.  OP  PASSE 

125 


•a.  oMOMtrtri  REPORT 


M.  L.  Report  No-  1^67 


10-  A  VAIL  ABILITY /LIMITATION  NOTICES  . 


Distribution  of  this  document  is  unlimited 


12-  SPON9SNNIS  MILITARY  ACTIVITY 

U.  S.  Amy  Electronics  Command 
Fort  Monmouth,  New  Jersey  AM3EL-KL-TG 


IS.  ABSTRACT 


A  magnetic  iy  saturated  ferrite  subjected  to  a  pulsed  magnetic  field  forms  a 
generator  of  coherent  microwave  energy.  It  is  shown  that  relatively  high  peak  rf  L 
power  in  short  .pulses  can  be  generated  in  this  way.  A  pulsed  magnetic  field  having  j 
amplitude  4  Kg  and  rise  time  ~  1  ns  is  developed  by  a  strip-line  pulser  with  . 
spark-gap  switches.  This  pulsed  field  causes  nonadiabatic  excitation  of  a  coherent 
oscillation  in  a  YIG  sphere.  The  pulsed  field  also  produces  adiabatic  pumping  of 
the  frequency  and  energy  of  this  oscillation,  so  that  the  output  frequency  is  not 
related  to  the  pulsed-field  rise  time.  The  entire  process  is  completed  inside  the 
build-up  time  of  second-order  spin  waves,  allowing  precession  angles  in  the  YIG  to 
excee<J*the  usual  steady-state  spin-waye  threshold  by  an  order  of  magnitude.  A  1 
monolithic  circuit  element  contains  a  pulsed-field  loop  and  an  x-band  resonator, 
.which  are  mutually  uncoupled  but  both  tightly  coupled  to  the  YTG.  The  resonator 
extracts  x-band  energy  from  the  YIG  by  radiation  damping  and  trar  >fers  it  to  an 
output  waveguide.  The  resonator  is  tunable  and  determines  the  output  frequency. 
Coherent,  nearly  monochromatic  rf  output  pulses  having  energy  of  several  hundred 
vatt-ns,  and  pulse  widths  in  the  range  of  1  -  3  qs,  have  been  observed  using  YIG 
diameters  in  the  vicinity  of  50  mils.  These  resj$jks  are  in  good  agreement  with 
theoretical  predictions.  's^ 


V  UNCLASSIFIED 

SacsiSty  Classification* 


UNCLASSIFIED 


Security  Classification 


KEY  SOROS 


LINK  A _ LINK  ■ _ UNK  C 

SOUS  I  It  ROS.R  I  ST  NOCK  I  ST 


Millimeter  Wave  Frequency  Generation 
Ferrites 

Nanosecond  Pulses 


INSTRUCTIONS 


1.  ORIGINATING  ACTIVITY:  Enter  ths  nan*  and  tddmi 
of  th«  contractor,  subcontractor,  grantee,  Dapartmant  of  Do 
fanaa  activity  or  othar  organization  (corpormtm  author)  issuing 
tha  raport. 

2ft.  REPORT  SECU1 TY  CLASSIFICATION  Eatar  tha  over- 
all  aacorlty  clasaificatjon  of  tha  raport.  Indie  ata  whether 
“Raatrictad  Data**  la  included.  Marking  la  to  ba  in  ac cord¬ 
on  ca  with  appropriate  security  regulations. 

26.  GROUP:  Automatic  downgrading  ia  specified  in  DoD  Dt- 
ractlva  5200. 10  and  Artaad  Forcaa  Induatria!  Manual.  Eatar 
tha  group  n unbar.  Alao,  whan  applicable,  show  that  optional 
markings  have  been  used  for  Group  3  and  Group  4  aa  author¬ 
ized. 

3.  REPORT  TITLE:  Enter  tha  complete  report  title  in  all 
capital  letters.  Titles  in  all  cases  should  ba  unclassified. 

If  a  meaningful  title  cannot  be  selected  without  classifica¬ 
tion,  show  title  classification  in  all  capitals  ia  parenthaais 
hmmsdiataly  following  tha  title. 

4.  DESCRIPTIVE  NOTES:  If  appropriate,  enter  the  type  of 
report.  e.g>.  interim,  progress,  summary,  annual,  or  final. 

Giva  tha  inclusive  dates  when  a  specific  reporting  period  ie 
covered. 

5.  AUTHORISE  Enter  the  nama(e)  of  autboife)  as  shown  on 
or  in  the  report.  Em.  -  let:  name,  first  name,  middle  initial. 

If  military,  show  rank  end  branch  of  service.  The  natae  of 
tha  principal  author  ia  aa  absoluta  minimum  requlroatent. 

&  REPORT  DATE:  Eatar  tha  data  of  tha  raport  aa  day. 
month,  yaar.  or  month,  yean  If  mors  than  oaa  data  %>pears 
on  tha  raport,  uas  data  of  publication. 

7a.  TOTAL  NUMBER  OP  PAGES;  Tha  total  pags  count 
should  follow  normal  pagination  procoduraa,  La.,  enter  tha 
mtmbar  of  pages  contabUag  information. 

76.  NUMBER  OF  REFERENCES:  Entsr  tha  total  tmmbar  of 
rafarencaa  cited  ia  tha  raport. 

a  a.  CONTRACT  OR  GRANT  NUMBER:  If  appropriata,  enter 
tha  applicable  number  of  the  contract  or  grant  under  which 
the  report  wes  written. 

S6,  Sc,  It  Sd.  PROJECT  NUMBER:  Enter  the  appropriate 
military  dapartawnt  identification,  such  as  project  numbnr, 
subproject  nunber,  system  numbers,  task  number,  ate. 

9a.  ORIGINATOR’S  REPORT  NUMBER(S):  Enter  the  offi¬ 
cial  raport  number  by  which  the  document  will  be  i detained 
and  controlled  by  the  originating  activity.  This  number  must 
he  unique  to  thia  report. 

96.  OTHER  REPORT  NUMBER(S):  If  the  report  hoe  been 
assigned  any  other  raport  numbers  (aithar  by  tha  originator 
or  by  tha  sponsor),  alao  solar  this  numberv*). 

10.  AVAfLAHfLITY/LlMlTATION  NOTICES:  Eatar  any  lim¬ 
itations  on  list  her  dissemination  of  tha  report,  other  then  tboee 


imposed  by  security  classification,  using  standard  statements 
such  as: 

(1)  "Qualified  requesters  may  obtain  coplea  of  thia 
raport  from  DDC.” 

(2)  "Foreign  announcement  and  dissemination  of  this 
report  by  DDC  is  not  authorized.  ’* 

(3)  "U.  S.  Government  agendas  may  obtain  copies  of 
this  raport  directly  from  DDC.  Othar  qualified  DDC 
users  shall  request  through 


(4)  **U.  S.  military  agendas  may  obtain  copies  of  this 
report  directly  from  DDC  Other  qualified  users 
shall  request  through 


(5)  "All  distribution  of  this  raport  is  controlled  Qual¬ 
ified  DDC  users  shall  request  through 


If  the  raport  has  been  furnished  to  the  Office  of  Technical 
Services,  Dapartmant  cf  Commerce,  for  sale  to  tha  public,  indi¬ 
cate  this  fact  and  enter  tha  price.  If  known. 

1L  SUPPLEMENTARY  NOTES:  Use  for  additional  ezplana- 
tory  notes. 

12.  SPONSORING  MILITARY  ACTIVITY:  Eatar  tha  name  of 
the  departmental  project  office  or  laboratory  sponsoring  (pay¬ 
ing  lor)  tha  rasa  arch  and  development.  Include  address. 

13.  ABSTRACT:  Enter  an  abatis ct  giving  n  brief  and  factual 
summary  of  tha  document  indicative  of  tha  report,  oven  though 
it  may  also  appear  elsewhere  in  tha  body  of  tha  techalcal  ra¬ 
port.  If  additional  apace  ia  required,  a  continuation  sheet  shall ' 
ba  attached. 

It  ia  highly  desirable  that  tha  abstract  of  classified  reports 
ba  unclassified.  Each  paragraph  of  tha  abstract  shall  and  with 
an  indication  of  tha  military  security  classification  of  tha  In¬ 
formation  In  tha  paragraph,  represented  as  {T9),  (9),  (C).  mr  (V). 

Theta  ia  no  limitation  aa  tha  leagth  of  fits  abstract.  How¬ 
ever,  the  suggested  length  is  from  ISO  to  225  words. 

14.  KEY  WORDS:  Kay  words  are  technically  awaningftil  terms 
or  short  phrases  that  characterize  a  raport  and  may  ha  used  as 
lades  an  tries  for  cataloging  the  report.  Kay  words  mast  ba 
selected  so  that  ao  security  classification  is  required.  Ideatl 
fiers,  such  as  equipment  modal  designation,  trade  name,  military 
project  coda  asms,  geographic  location,  may  ba  need  as  key 
words  but  will  ba  followed  by  aa  indication  of  technical  con¬ 
test.  The  assignment  of  links,  talas,  and  weights  ia  optional- 


DD  SJSla  1473  (BACK) 


UNCLASSIFIED 


Security  Class!  fl cation 


